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{ Last painting by Gilbert Stuart (1828). Considered by the family of 
cr & : Bowditch to be the best of various paintings made, although it was unfinished 
when the artist died. 
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NATHANIEL BOWDITCH 
(1778-1888) 


Nathanic] Bowditch was born on March 26, 1773, at Salem, Mass., fourth of the 
soven children of shipmastes Habakkuk Bowditch and his wife, Mary. 

Since the migration of William Bowditch from England to the Colonies in the 
17th century, the family had resided at Salem. Most of its sons, like those of othor 
familios in this Now England seaport, had gone to soa, and many of them became 
shipmasters. Nathaniel Bowditch himself sailed as master on his last voyage, and 
two of his brothers mot untimely deaths while pursuing careers at sea. 

It is reported that Nathaniel Bowditch’s father lost two ships at sea, and by late 
Revolutionary days he returned to the trade of cooper, which he had learned in his 
youth, This provided insufficient income to properly supply the needs of his growing 
family, and hunger and cold wero often experienced. For many years tho nearly destitute 
family received an annual grant of fifteen to twenty dollars from the Salem Marine 
Society. By tho time Nathaniel had reached the age of ten, the family’s poverty neces- 
sitated his leaving school and joining his father in the cooper’s trade. 

Nathanicl was unsuccessful as a cooper, and when he was about 12 years of ago, 
ho entered tho first of two ship-chandlery firms by which he was employed. It was 
during the nearly ten years he was so employed that his great mind first attracted public 
attention. From the time he began school Bowditch had an all-consuming interest in 
loarning, particularly mathematics. By his middle teens he wes recognized in Salem 
an an authority on that subject. Salem being primarily « shipping town, most of tho 
inhabitants sooner or Sater found their way to the ship chandler, and news of tho bril- 
liant young clerk spread until eventually it camo to the attention of the learned men 
of his day. [mpressed by his desire to educate himself, they supplied him with books 
that he might learn of the discoveries of other men, Since many of the best books 
were written by Europeans, Bowditch first taught himself their languages. French, 
- Spanish, Latin, Greek, and German were among the two dozen or more languages 
and dialects he studicd during his life. At the age of 16 he began the study of Newton's 
Principia, translating parts of it from the Latin. He even found an error in that classic, 
and though lacking the confidence to announce it at the time, he later published his 
findings and had them accepted. 

During the Revolutionary War a privateer out of Beverly, a neighboring town to 
Salem, had taken as one of its prizes an English vessel which was carrying the philo- 
sophical library of a famed Irish scholar, Dr. Richard Kirwan. The books were brought 
to the Colonies and there bought by a group of educated Salem men who used them to 
found the Philosophical Library Company, reputed to have been the best Jibrary north 
of Philadelphia at the time. In 1791, when Bowditch was 18, two Harvard-educated 
ministers, Rev. John Prince and Rev. William Bentley, persuaded the Company to 
allow Bowditch tho use of ite library. Encouraged by these two men and a third— 
Nathan Read, an apothecary and also a Harvard man—Bowditch studied the works of 
the great men who had preceded him, especially the mathematicians and the astrono- 
mers. By the time he became of age, this knowledge, acquired before and after his long 
working hours and in his spare time, had made young Bowditch the outstanding mathe- 
matician in the Commonwealth, and perhaps in the country. 
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NATHANIEL BOWDITCH 


In the seafaring town of Salem, Bowditch was drawn to navigation early, learning 
the subject at the age of 13 from an old British sailor. A year later he began studying 
surveying, and in 1794 he assisted in a survey of the town. At 15 he devised an almanac 
reputed to have been of great accuracy. His other youthful accomplishments included 
the construction of a crude barometer and a sundial. 

When Bowditch went to sea at the age of 21, it was as captain’s writer and nominal 
second mate, the officer’s berth being offered him because of his reputation as a scholar. 
Under Captain Henry Prince, the ship Henry sailed from Salem in the winter of 1795 


ign) in the Indian Ocean. 

Powditch began his seagoing career when accurate time was not available to the 
average naval or merchant ship. A reliable marine chronometer had beer. invented some 
60 years before, but the prohibitive cost, plus the long voyages without opportunity to 
check the error of the timepiece, made the large investment an impractical one. A sys- 
tem of determining longitude by “lunar distance,” a method which did not require an 
accurate timepiece, was known, but this product of the minds of mathematicians and 
astronomers was so involved as to be beyond the capabilities of the uneducated seamen 
of that day. Consequently, ships navigated by a combination of dead reckoning and 
parallel sailing (a system of sailing north or south to the latitude of the destination and 
then east or west to the destination). 

To Bowditch, the mathematical genius, computation of lunar distances was no 
mystery, of course, but he recognized the need for an easier method of working them 
in order to navigate ships more safely and efficiently. Through analysis and observa~ 
tion, he derived a new and simplified formula during his first trip, a formule which was 
to open the book of celestial navigation to all seamen. 

John Hamilton Moore’s The Practical Navigatdh was the leading navigational 
text when Bowditch first went to sea, and had been for meny years. Early in his 
first voyage, however, the captain’s writer-second mate began turning up errors in 
Moore’s book, and before long he found it necessary to recompute gome of the tables 
he most often used in working his sights. Bowditch recorded the errors he found, 
and by the end of his second voyage, made in the higher capacity of supercargo, the 
news of his findings in The Practical Navigator had reached Edmund Blunt, a publisher 
at Newburyport, Mass. At Blunt’s request, Bowditch agreed to correct Mcore’s 
book. The first edition of The New Practical Navigator was published in 1799, with 
correction of the errors Bowditch kad found to that time, and with some additional 
information. The following year a second edition was published with additional correc- 
tions. Bowditch eventually found more than 8,000 errors in the work, however, and it 
was finally decided to completely rewrite the book and to publish it under his own 
name. In 1802 the first edition of The New American Practical Navigator by Nathaniel 
Bowditch was published, and his vow to put nothing in the book he could not teach 
every member of his crew served to keep the work within the understsnding of the 
average seaman. In addition to the improved method of determining longitude, 
Bowditch’s book gave th; ship’s officer information on winds, currents, and tides; 
directions for surveying; statistics on marine insurance; a glossary of sea terms; in- 
struction in mathematics; and numerous tables of navigational data. His simplified 
methods, easily grasped by the intelligent seaman willing to learn, paved the way for 
“Yankee” supremacy of the seas during the clipper ship era. 

Two months before sailing for Cadiz on his third voyage, in 1798, Bowditch married 
Elizabeth Boardman, daughter of a shipmaster. While he was away, his wife died at 
the age of 18. Two years later, on Occober 28, 1800, he married his cvusin, Mary 
Ingersoil, she, too, the daughter of a shipmaster. They had eight children. 


\. on {o was to be a year-long voyage to the Ile de Bourbon (now called Ile de la Ré- 
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NATHANIEL BOWDITCH 


Bowditch made a total of five trips to sea, over a period of about nine years, his 
last as master and part owner of the three-masted Putnam. Homeward bound from a 
18-month voyage to Sumatra and the Ie de Franc 2 (now called Mauritius) the Putman 
approached Salem harbor on December 25, i803, during a thick fog without having 
had a celestial observation since noon on the 24th. Relying upon his dead reckoning, 
Bewditch conned his wooden-hulled ship to the entrance of the rocky harbor, where he 
had the good fortune to get a momentary glimpse of Eastern Point, Cape Ann, enough 
te confirm his position. The Putnam proceeded in, past such hazards as ‘‘Bowditch’s 
Ledge” (named after a great-grandfather who had wrecked his ship on the rock more 
than a century before) and anchored safely at 1900 that evening. Word of the daring 
feat, performed when other mesters were hove-to outside the harbor, spread along the 
coast and added greatly to Bowditch’s reputation. He was, indeed, the “practical 
navigator.” 
. His standing as a mathematician and successful shipmaster earned him a lucrative 
(for those times) position ashore within a matter of weeks after his last voyage. He 
was installed as president of a Salem fire and marine insurance company, at the age 
of 30, and during the 20 years he held that position the company prospered. In 1823 
he left Salem to take a similar position with a Boston insurance firm, serving that 
company with equal success until his death. 
¥rom the time he finished the “Navigator” until 1814, Bowditch’s mathematical 
and scientific pursuits consisted of studies and papers on the orbits of comets, applica- 
tions of Napier’s rules, magnetic variation, eclipses, calculations on tides, and the chart- 
ing of Salem harbor. In that year, however, he turned to what he considered the greatest 
work of his life, the translation into English of Mécanique Céleste, by Pierre Laplace. 
Mécanique Céleste was a summary of all the then known facts about the workings ef the 
heavens. Bowditch iranslated four of the five volumes before his death, and published 
them at his ow. expense. He gave many formula derivations which Laplace had not 
shown, and also included further discoveries following the time of publication. His work 
made this information available to American astronomers and enabled them to pursue 
their studies on the basis of that which was already known. Continuing his styie of 
: writing for the learner, Bowditch presented his English version of Mécanique Celeste in 
such a manner that the student of mathematics could easily trace the steps involved in 
reaching the most complicated conclusions. 
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Shortly after the publication of The New American Practical Navigator, Harvard 
College honored its author with the presentation of the honorary degree of Master - : 
of Arts, and in 1816 the college made him an honorary Doctor of Laws. From the 
time the Harvard graduates of Salem first assisted him in his studies, Bowditch had a ! 
great interest in that college, and in 1810 he was elected one of its Overseers, a position i 
he held until 1826, when he was elected to the Corporation. During 1826-27 he was j 
the leader of a small group of men who saved the school from financial disester by : 
forcing necessary economies on the college’s reluctant president. At one time Bow- 
ditch was offered a Professorship in Mathematics at Harvard but this, as well as 
similar offers from West Point and the University of Virginia, he declined. In all his 
life he was never known to have made a public speech or to have addressed any large 
group of people. 

Many other honors came to Bowditch in recognition of his astronomical, math- 
ematical, and marine accomplishments. He became a member of the American Academy 
of Arts and Sciences, the East India Marine Society, the Royal Academy of Ndinburgh, 
the Royai Society of London, the Royal Irish Academy, the American Philosophical 
Society, the Connecticut Academy of Arts and Sciences, the Boston Marine Society, 
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NATHANIEL BOWDITCH 


the Royal Astronomical Society, the Palermo Academy of Science, and the Royal 
Academy of Berlin. 

Nathaniel Bowditch outlived all of his brothers and sisters by nearly 30 years. 
Death came to him on March 16, 1838, in his sixty-fifth year. The following eulogy 
by the Salem Marine Society indicates the regard in which this distinguished American 
was held by his contemporaries: 

“In his death a public, a national, a human benefactor has departed. Not this 
community, nor our country only, but the whole world, has reason to do honor to his 
memory. When the voice of Eulogy shall be still, when the tear of Sorrow shall cease 
to flow, no monument will be needed to keep alive his memory among men; but as long 
as ships shall sail, the needle point to the north, and the stars go through their wonted 
courses in the heavens, the name of Dr. Bowditch will be revered as of one who helped 
his fellow-men in a time of need, who was and is a guide to them over the pathless 
ocean, and of one who forwarded the great interests of mankind.” 

The New American Practical Navigator was revised by Nathaniel Bowditch several 
times after 1802 for subsequent editions of the book. After his death, Jonathan Inger- 
soll Bowditch, a son who made several voyages, took up the work and his name appeared 
on the title page from the eleventh edition through the thirty-fifth, in 1867. In 1868 the 
newly organized U.S. Navy Hydrographic Office bought the copyright. Revisions 
heave been made from time to time to keep the work in step with navigational improve- 
ments. The name has been altered to the American Practical Navigator, but the book is 
still commonly known as “Bowditch.” A total of more than 850,000 copies has been 
printed in about 70 editions during the more than a century and a half since the book 
was first published in 1802. It has lived because it has combined the best thoughts of 
each generation of navigators, who have looked to it as their final authority. 
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PREFACE 


This epitome of navigation has been maintained continuously since it was first 
published in 1802. The U.S. Navy maintained “Bowditch” from 1868 until 1972, when 
the Defense Mapping Agency Hydrcegraphic Center was assigned the responsibility for 
its publication. 

The intent of the original author to provide a compendium of navigational material 
understandable to the mariner has been consistently followed. However, navigation 
is not presented as a mechanical process to be followed blindly. Rather, emphasis 
has been given to the fact that the aids provided by science can be used effectively to 
improve the art of navigation only if a well-informed person of mature judgment and 
experience is on han to interpret information as it becomes available. Thus, the facts 
needed to perform the mechanics of navigation have been supplemented with additional 
material intended to help the navigator acquire perspective in meeting the various 
needs that arise. 

Volume IT of this extensively revised edition provides the tables, formulas, data, 
and instructions needed by the navigator to perform many of the computations associ- 
ated with dead reckoning, piloting, and celestial navigation. All references to tables 1 
through 37 in this volume are with respect to the tables in volume II. 

Many institutions, organizations, groups, and individuals have assisted in the 
preparation of volume I, but all of the material has been edited by one individual 
to assure continuity and consistency. Particular acknowledgement is given the follow- 
ing: Dr. P. Kenneth Seidelmann, Director, Nautical Almanac Office, U. S. Naval 
Observatory, for assistance in matters pertaining to navigational astronomy and the 
almanacs; Dr. William J. Klepezynski, Time Service Division, U.S. Naval Observatory, 
for guidance in the treatment of the dissemination of time; Commander Guy P. Clark, 
U. S. Coast Guard, for assistance in matters pertaining to visual and audible aids to 
navigation, piloting, and navigational safety; Dr. William H. Guier and Mr. John W. 
Casey, Applied Physics Laboratory, The Johns Hopkins University, for the satellite 
navigation chapter; Lieutenant Commander Richard A. Smith, Royal Navy, when 
Chairmen, Department of Navigation, U.S. Naval Academy, for assistance in practical 
areas; Commander Carl W. Fisher, National Oceanic and Atmuspheric Administration, 
Chief, Oceanographic Division, National Ocean Survey, for assistance in matters 
pertaining to tides and tidal currents; Dr. Robert J. Renard, Professor of Meteorology, 
Naval Postgraduate School, Monterey, Celifornia, for assistance in matters pertaining 
to weather elements; Mr. Richard M. DeAngelis, Environmental Data Service, 
National Oceanic and Atmospheric Administration, for his contributions to the tropical 
cyclones chapter; Chief Aerographer’s Mate Robert J. Kemple, U.S. Navy, Naval 
Postgraduate School, Monterey, California, for assistance in matters pertaining to 
weather observations; Mr. Max W. Mull, Chief, Marine Weather Services Branch, 
National Weather Service, National Oceanic and Atmospheric Administration, for 
guidance in matters pertaining to meteorology and ship weather routing; Commander 
William G. Schramm, U.S. Navy, Fleet Numerical Weather Central, Monterey, 
California, for assistance in matters pertaining to oceanography, Mr. Lyman W. 
Griswold, Head, Sensors Branch, Naval Ship Research and Development Center, Anna- 
polis, Maryland, for assistance in matters pertaining to speed logs; Messrs. Donald R. 
Lesnick and Rosario Casamento of the Naval Ship Engineering Center, and Mr. Eric L. 
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PREFACE 


Puckett, Navy Ships Parts Control Center, for their assistance in matters pertaining to 
navigation instruments; Lieutenant Commander Arthur J. Tuttle, U.S. Navy, when 
Executive Officer, USS Kawishiwi (AO-146), and Master Chief Quartermaster Byron E. 
Franklin ($5), U.S. Navy, for assistance ia practical areas; Mrs. Irene Fischer, Chief, 
Geoid Branch, Defense Mapping Agency Topographic Center, for assistance in matters 
pertaining to geodesy; Mr. James E. Gearhart, staff cartographer, Marine Chart 
Division, National Ocean Survey and Mr. Anthony S. Basile of this Center for their 
contributions to the nautical chart chapter; Mr. Peter A. Mitchell, Naval Oceano- 
graphic Office, for contributions to the ice in the sea chapter; Mr. D. H. Luzius, Head- 
quarters U. S. Coast Guard, for guidance in matters pertaining to position reporting 
systems; Lieutenants Wilsor E. Fitch and Timothy L. Vaughan, U.S. Navy, Depart- 
ment of Navigation, U.S. Naval Academy, and Mr. Richard M. Plant, Maritime 
Institute of Technology and Graduate Studies, Linthicum Heights, Maryland, for their 
contributions to the appendix addressing the use of hand-held digital calculators for 
navigational calculations; Commander William M. Ross, U.S. Navy, when Chairman, 
Department of Navigation, U.S. Naval Academy, and Captain Wayne M. Waldo, 
Maritime Institute of Technology and Graduate Studies, for assistance in practical 
areas; Commander Cortland G. Pohle, U.S. Coast Guard (Ret.), U.S. Merchant 
Marine Academy, for constructive suggestions; Dr. Milton Y. J. Cha, when with the 
Omega Navigetion System Operations Detail, U.S. Coast Guard, for his assistance in 
matters pertaining to the characteristics of propagation of very low frequenc*; radio 
waves; Messrs. David C. Scull, Robert M. Willems, and Peter B. Morris, Omega Navi- 
gation System Operations Detail, U.S. Coast Guard, for their assistance in matters per- 
taining to the Omega Navigation System; Mr. David T. Haislip, Chief, Radionavigation 
Aid» Branch, U.S. Coast Guard Hea:lquarters, for his assistance in matters pertaining to 
radionavigation; Mr. Richard J. Sandifer. Associate Professor of Astronomy, Anne 
Arundel Community College, Arnold, Maryland, for his contribution to the chapter 
on tides and tidal currents; Lieutenant Commander Raymond A. Helbig, U.S. Navy, 
Physics Department, U.S. Naval Academy. fer his contribution to the ch-.pter on 
doppler sonar navigation: Messrs. William M. Clune and George L. Hammond, Fleet 
Numerical Weather Central, Monterey, California, for the ship weather routing chapter; 
Mr. William M. Clune for assistance in matters pertaining to weather observations, 
and material assistance to the editor in coordinating the contributions made at Mon- 
terey; Captain Joel H Jacobs for assistance in matters pertaining to the sextant; 
Mr. Melvin E. Cruser, Naval Guided Missiles School, Dam Neck, Virginia Beach, 
Virginia, for his contribution to the inertial navigation chapter; and the U.S. Power 
Squadrons for suggestions relating to the graph of article i206 for height of tide deter- 
mination; and many individuals, especially the marine navigation instructors and 
experienced practicing navigators who have responded to our questionnaires and offered 
constructive suggestions or directed attention to errors in previous editions. 

Users should refer corrections, additions, and comments for improving this product 
to DIRECTOR, DEFENSE MAPPING AGENCY HYDROGRAPHIC CENTER, 
Washington, D.C. 20390, ATTN: Code PR. 
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CHAPTER I x 
HISTORY OF NAVIGATION 


Introduction 


101. Background.—Navigation began with the first man. One of his first con- 
scious acts probably was to home on some object that caught his eye, and thus land 
navigation was undoubtedly the earliest form. His first venture upon the waters may 
have come shortly after he observed that some objects float, and through curiosity 
or an attempt at self-preservation he learned that a larger object, perhaps a log, would 
support him. Marine navigation was born when he attempted to guide his craft. 

The earliest marine navigation was a form of piloting, which came into being as 
man became familiar with landmarks and used them as guides. Dead reckoning prob- 
ably came next as he sought to predict his future positions, or perhaps as he bravely 
ventured farther from landmarks. Celestial navigation, as it is known today, had to 
await acquisition of information regarding the motions of the heavenly bedies, although 
these bodies were used to steer by almost from the beginning. 

102. From art to science.—Navigation is the process of directing the movements 
of a crafz from one point to another. To do this safely is an art. In perhaps 6,000 years— 
some writers make it 8,000—man has transformed this art almost into a science, and 
navigation today is so nearly a science that the inclination is to forget that it was 
ever anything else. It is commonly thought that to navigate a ship one must have a 
chart to determine the course and distance, ¢ compass to steer by, and a means of 
determining the positions of the ship during the passage. Must have? The word “must’’ 
betrays how dependent the modern navigator has become upon the tools now in his 
hands. Many of the great voyages of history—voyages that made known much of the 
world—were made without one or more of these “essentials.” 

103. Epic voyages.—History records a number of great voyages of varying navi- 
gational significance. Little or nothing is known of the navigational accomplishments 
of the ancient mariners, but the record of the knowledge and equipment used during 
later voyages serves to illustrate periodic developments in the field. 

104. Pre-Christian navigation—Down through the stream of time a number of 
voyages have occurred without navigational significance. Noah’s experience in the ark 
is of little interest navigationally, except for his use of a dove to locate land. Thare is 
avidence to support the view that at least some American Indians reached these ‘shores 
by sea, the earliest of several groups probably having come about 2200 BC, the approxi- 
mate time that a general exodus seems to have occurred from a center in southwestern 
Asia. This is about the time the Tower of Babel is believed to have been built. It is 
noteworthy that almost every land reached by the great European explorers was already 
inhabited. 

It is not difficult to understand how a people not accustomed to the sea might make 
a single great voyage without contributing anything of significance to the advancement 
of navigation. Not so clear, however, is the fact that the Norsemen and the Polynesians, 
great seafaring people, left nothing more than conflicting traditions of their methods. 
The reputed length of the voyages made by these people suggests more advanced navi- 
gational methods than their records indicate, although the explanation may be that they 
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HISTORY OF NAVIGATION 


left few writen accounts of any kind. Or perhaps they developed their powers of percep- 
tion to such an extent that navigation to them, was a highly advanced art. In this 
respect their navigation may not have differed greatly from that of some birds, insects, 
fishes, and animals. 

One of the earliest. well-recorded voyages is known today through the book of ob- 
servations written by Pytheas of Massalia, a Greek astronomer and navigator. Some- 
time between the years 350 BC and 300 BC he sailed from a Mediterranean port and 
followed an established trade route to England. From there he ventured north to Seot- 
land and Thule, the legendary land of the midnight sun. He went on to explore Nor- 
wegian fiords, and rivers in northwest Germany. He may have made his way into the 
Baltic. 

Pytheas’ voyage, and others of his time, were significant in that they were the 
work of men who had no compasses, no sextants, no chronometers, no electronic devices 
such as are commonplace today. The explanation of how they did it is not what some 
historians have said, that before seafaring men had adequate equipment, the compass 
especially, they hugged the shore and sailed only by davlight in fair weather. Many 
undoubtedly did use this practice. But the more intrepid did not creep along the coast, 
venturing nothing more daring than sailing from headland to headland. They were often 
out of sight of Jand, and yet knew sufficiently well where they were and how to get home 
again. They were able to use the sun, the stars, and the winds without the aid of mechani- 
cal devices. 

Pytheas had none of the equipment considered essential by the modern navigator— 
none, at least, as it is thought of today. It would be incorrect, however, to say that he 
had no navigational aids whatever. He was not the first to venture upon the sea, and even 
in his time man was the inheritor of his predecessors’ knowledge. 

He must have known what the mariners of his time, Phoenician and Greek, knew 
about navigation. There was a fair store of knowledge about the movements ef the 
stars, for example, which all seafaring men shared. They had a practical grasp of some 
part of what is now called celestial navigation, for the moving celestial bodies were 
their compasses. Pytheas may not have been acquainted with the Periplus of Sevlax, the 
earliest known sailing directions, but it is reasonable to suppose that he had similar 
information. 

If there were sailing directions, there may well have been charts of a sort, even 
though no record of them exists. 

Even if Pytheas and his contemporaries had sailing directions and charts, these 
must have been far from comprehensive, and they undoubtedly did not cover the areas 
north of Britain. But these early seamen knew direction by day or night if the sky was 
clear, and they could judge it reasonably well when the sky was overcast, using the wind 
and the sea. They knew the hot Libyan wind from the desert—today called the sirocco— 
and the northern wind, the mistral. 

They could estimate distance. Their ships must have carried some means of meas- 
uring time—the sand glass was known to the ancients—and they could estimate speed 
by counting the strokes of the oars, a common practice from galley to modern college 
racing shell. Mariners who spent their lives traveling the Mediterranean knew what 
their ships could do, even if today itis not known what they meant by “a day’s sail”?— 
whether 35 miles, or 50. or 100. 

105. Sixteenth century navigation.—Progress in the art of navigation came slowly 
during the early centuries of the Christian ¢ra. all but stopped during the Dark Ages, 
and then spurted forward when Europe entered a goiden age of discovery. The 
circumnavigation of the globe by the expedition organized by Ferdinand Magellan, a 
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HISTORY OF NAVIGATION 3 


disgraced Portuguese noblemen who sailed under the flag of Spain, was a voyage which 
illustrates the xdvances made during the 1,800 vears following Pytheas. 

Magellan was able te find justification for his belief that a navigable pass to the 
Pacific Ocean existed in high southern latitudes, in Martin Behaim’s globe or chart of 
the world, in the globe construeted by Johann Schoner of Nuremberg in 1515, and in 
Leonardo da Vinei’s map of the world drawn in the same year. He obtained further 
information for his voyage from Ruy Faleiro, an astronomer and cartographer whose 
charts, sailing directions, nautical tables. and instructions for use of the astrolabe and 
cross-staff were considered to be among the best. available. Faleiro was also an advocate 
: of the fallacious methods of determining longitude by variation. 

When Magellan sailed in 1519, his equipment included sea charts, parcbment skins 
to be made into charts en route, a terrestrial globe, wooden and meta! theodolites, 
wooden and wood-and-bronze quadrants, compasses, magnetic needles, hour glasses 

7 * and “timepieces,” and a log to be towed astern. 

So the 16th century navigator had crude charts of the Fnown world, a compass to 
steer by, instruments with which he could determine his latitude, a log to estimate speed, 
certain sailing directions, and solar and traverse tables. The huge obstacle vet to be 
overcome Was an accurate method of determining longitude. 

106. Eighteenth century navigation. —Little is known today of the “timepieces” 
carried by Magellan, but swely they were not used to determine longitude. ‘Two hun- 
dred years later, however, the chronometer began to emerge. With it, the navigator, for 
the first time, was able to determine his longitude accurately and fix his position at sea. 

The three voyages of discovery made by James Cook of the Royal Navy in the 
Pacific Ocean between 1768 and 1779 may be said to mark the dawn of modern nav- 
igation. Cook’s expedition had the full backing of England’s scientific organizations, 
and he was the first captain to undertake extended explorations at sea with navigational 
equipment, techniques, and knowledge that might be considered modern. 

On his first voyage Cook was provided with an astronomical clock, a “journeyman” 
clock, and a watch Jent by the Astronomer Royal. With these he could determine 
longitude, using the long and tedious mar distance method. On his second voyage 
four chronometers were provided. ‘These instruments, added to those already possessed 
by the mariner, enabled Cook to navigate his vessels with a precision undreamed of 
by Pytheas and Magellan. 

By the time Cook began his explorations, astronomers had made great contribu- 

lions t~ navigational advancement, and the acceptance of the heliocentric theory 
of the universe had led to the publication of the first official nautical almanac. Charts 
had progressed steadily, and adequate projections were available. With increased 
understanding of variation, the compass had become reliable. Good schools of naviga- 
tion existed, and textbooks which reduced the mathematics of navigation to the essen- 
tials had been published. Speed through the water could be determined with reasonable 
accuracy by the logs then in use. Most important, the first chronometers were being 
produced. 
1 eee 107. Twentieth century navigation.—The maiden voyage of the 55 United States 
in July 1952 served to illustrate the progress made in navigation during the 175 years 
since Cook’s voyages. Outstanding because of its record trans-Atiantic passage, the 
vessel is of interest navigationally in that it carried the most modern equipment then 
available and exemplified the fact that. navigation had become nearly a science. 

Hach of the deck officers owned a sextant with which he could make observations 
more accurately thau did Cook. Reliable chronometers, the product of hundreds of 
years of experimental work, were available to determine the time of each observation. 
The gyrocompass indicated true north regardless of variation and deviation. 
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4 HISTORY OF NAVIGATION 





Modern, convenient almanacs were used to obtain the coordinates of various 
celestial bodies, to an accuracy greater than needed. Easily used altitude and azimuth 
tables gave the navigator date for determining his Sumner (celestial) line of position 
by the method of Marcq St.-Hilaire. Accurate charts were available for the waters 
plied. sailing directions for coasts and ports visited, light lists giving the characteristics 
of the various aids to navigation along these coasts, and pilot charts and navigationul 
texts for reference purposes. 

Electronics served the navigator in a number of ways. Radio time signals and 
weather reports enabled him to check his chronometer: and avoid foul weather. A 
radio direction finder was available to obtain bearings, and a radio telephone was used 
to communicate with persons on land and sea. The electrically operated echo sounder 
indicated the depth of water under the keel, radar the distances and bearings of objects 
within range, even in the densest fog. Using Loran, the navigator could fix the position 
of his ship a thousand miles and more from transmitting stations. 


Piloting and Dead Reckoning 


108. Background.—The history of piloting and dead reckoning extends from man’s | 
earliest use of landmarks to the latest model of the gyrocompass. In the thousands | 
of years between, navigation by these methods has progressed from short passages 
along known coastlines to transoceanic voyages during which celestial observations | 
cannot be, or are not, made. | 

109. Charts.—A form of sailing directions was written several hundred years | 
before Christ. Although charts cannot be traced back that far, they may have existed | 





during the same time. From earliest times men have undoubtedly known that it is 
mote difficult to explain how to get to a place than it is to draw a diagram, and since the 
first charts known are comparatively accurate and cover large areas, it seems logical 
that earlier charts served as guides for the cartographers. 

Undoubtedly, the first charts were not made on any “projection” (ch. III) but 
were simple diagrams which took no notice of the shape of the earth. In fact, these 
“plane” charts were used for many centuries after chart projections were avilable. 

The gnomonic projection (art. 317) is believed to have been developed by Thales 
of Miletus (640-546 BC), who was chief of the Seven Wise Men of ancient Greece; 
founder of Greek geometry, astronomy, and philosophy; and a navigator and cartog- 
rapher. 

The size of the earth was measured at least as early as the third century BC, by 
Eratosthenes. He observed that av noon on the day of the summer solstice, a certain 
well at Syene (Assuan) on the tropic of Cancer was lighted throughout its depth by the 
light of the sun as it crossed the meridian; but that at Alexandria, about 500 miles to 
the north, shadows were cast by the sun at high noon. He reasoned that this was due 
to curvature of the earth, which must be spherical. By double measurement of the arc 
of the meridian between the two places in degrees and stadia, Eratosthenes determined 
the circumference of the earth to be 252,000 stades (art. 113). 

Eratosthenes is believed to have been the first person *o measure latitude, using 
the degree for this purpose. He constructed a 16-point wind rose, prepared a table of 
winds, and recognized local and prevailing winds. From his own discoveries and from 
information gleaned from the manuscripts of mariners, explorers, land travelers, 
historians, and philosophers, he wrote an outstanding description of the known world, 
which helped elevate geography to the status of a science. 

Stereographic (art. 318) and orthographic (art. 319) projections were originated 
by Hipparchus in the second century BC. 
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HISTORY OF NAVIGATION 5 





Ptolemy's World Afap. The Egyptian Claudius Ptolemy was a second century 
AD astronomer, writer, geographer, and mathematician who had no equal in astron- 
omy until the arrival of Copernicus in the 16th century. An outstanding cartographer, 
for his time, Ptolemy constructed many charts and listed the latitudes and tongitudes, 
as determined by celestial observations, of the places shown. As a geographer, how- 
- ever, he made his most serious mistake. Though Eratosthenes’ calculations on the 
circumference of the earth were available to him, he took the estimate of the Stoic 
philosopher, Posidonius (circa 130-51 BC), who calculated the earth to be 180,000 
stadia in circumference. The result was that those who accepted his work—and for 
many hundreds of years few thought to question it—had to deal with a concept that 
was far too small. In 1409 the Greek original of Ptolemy’s Cosmographia, a book in 
which he declared this doctrine, was discovered and translated into Latin. It served 
as the basis for future cartographic work, and so it was that Columbus died convinced 
that he had found a shorter route to the East Indies. Not until 1669, when Jean 
Picard computed the circumference of the earth to be 24,500 miles, was 1 more accurate 
figure generally used. 

Ptolemy’s map of the world (fig. 109a) was a great achievement, however. It was 
the original conic projection, and on it he located some §,000 places by latitude and 
longitude. It was he who fixed the convention that the top of the map is north. 

Asian Charts. Through the Dark Ages some progress was made. Moslem cartog- 
raphers as well as astronomers took inspiration from Ptolemy. However, they knew 
: that Ptolemy had overestimated the length of the Mediterranean by some 20°. Charts 
. ~ of the Indian Ocean, bearing horizontal lines indicating parallels of latitude, and 

* vertical lines dividing the seas according to the direction of the wind, were drawn 
by Persian and Arabian navigators. The prime meridian separated a windward from 
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Courtesy of the Map Division of the Library of Congress. 


Fictre 1092.—The world, as envisioned by Ptolemy about AD 150. This chart was prepared in 1482 ie 
by Nicolaus Germanus for a translation of Cosmographia. ae 
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6 HISTORY OF NAVIGATION 


a leeward region and other meridians were drawn at intervals indicating “three hours 
sail.” This information, though far from exact, was helpful to the sailing ship masters. 

Portolan Charts. The mariners of Venezia (Venice), Livorno (Leghorn), and Genova 
(Genoa) must have had charts when they competed for Mediterranean trade before, 
during, and after the Crusades. Venice at one time had 300 ships, a navy of 45 galleys, 
and 11,000 men engaged in her maritime industry. But perhaps the rivalry was too 
keen for masters carelessly to leave charts lying about. At any rate, the earliest useful 
charts of the Middle Ages that are known today were drawn by seamen of Catalonia 
(now part of Spain). 

The Portolan charts were constructed from the knowledge acquired by seamen 
during their voyages about the Mediterranean. The actual courses and dead reckoning 
distances between land points were used as a skeleton for the charts, and the coasts 
between were usually filled in from data obtained in land surveys. After the compass 
came into use, these charts became quite accurate. Some, for example, indicated the 
distance between Gibraltar and Bayrit (Beirut) to be 3,000 Portolan miles, or 40°5 
of longitude. The actual difference of longitude is 40°8. 

These charts were distinguished by a group of long rhumb lines intersecting at a 
common point, surrounded by eight or 16 similar groups of shorter lines. Later Porto- 
lanis had a rose dei venti (rose of the winds), the forerunner of the compass rose, super- 
imposed over the center (fig. 109b). They carried a scale of miles, located nearly all 
the known hazards to navigation, and had numerous notes of interest to the pilot. 
They were not marked with parailels of latitude or meridians of longitude, but present- 
day harbor and coastal charts trace their ancestry directly to them. 
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Courtesy of the Map Dicision of the Library of Congress. 
Ficure 109b.—A lith-century Portolan chart. 


Padrén Real. The growing habit of assembling information for charts took concrete 
form in the Padrén Real. This was the pattern, or master, map kept after 1508 by the 
Casa de Contratacién at Seville. 1t was intended to contain everything known about 
the work’, and it was constructed from facts brought back by mariners from voyages 
to newly discovered Jands. From it were drawn the charts upon which the explorers 
of the Age of Discovery most depended. 

World maps of the Middle Ages. In 1515 Leonardo da Vinci drew his famous map 
of the world. On it, America is represented as extending more to the east and west 
than to the north and south, with only a chain of islands, the largest named Florida, 
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HISTORY OF NAVIGATION Zz 
between it and South America. A wide stretch of ocean is shown between South 
America and Terra Australis Noncum Cognita, the mythical south-seas continent 
whose existence in the position shown was not disproved until 250 years later. 

Ortelius’ atlas Theatrum Orbis Terra was published at Antwerp in 1570. One of 
the most magnificent ever produced, it illustrates Europe, Africa, and Asia with com- 
parative accuracy. North and South America are poorly depicted, but Magellan’s 
Strait is shown. All iand to the south of it, as well as Australia, is considered part of 
Terra Australis Nondum Cognita (fig. 109c). 
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Courtesy of the New York Public Library, 


Fisure 109¢.—Ortelius’ world map, from his a Theatrum Orbis Terra, published at Antwerp in 
1570. 


The Mercator projection (art. 305). For hundreds, perhaps thousands, of years 
cartographers drew their charts as “plane” projections, making no use of the discoveries 
of Ptolemy and Hipparchus. As the area of the known world increased, however, the 
attempt to depict that Jarger area on the flat surface of the plane chart brought map 
makers to the realization that allowance would have to be made for the curvature of 
the earth. 

Gerardus Mercator (Latinized form of Gerhard Kremer) was a brilliant © emish 
geographer who recognized the need for a better method of chart projection. ... 1569 
he published a world chart which he had -onstructed on the principle since known by 
his name. The theory of his work was correct, but Mercator made errors in his com- 
putation, and because he never published a complete description of the mathematics 
involved, mariners were deprived of the full advantages of the projection for another 
30 years. 

Then Edward Wright published the results of his own independent study in the 
matter, explaining the Mercator projection fully and providing the table of meridicnal 
parts which enabled all cartographers to make use of the principle. 
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Wright was a mathematician at Caius College who developed the method end 
table and gave them to certain navigators for testing. After these proved their usefulness, 
Wright decided upon publication, and in 1599 Certaine Errors in Navigation Detected 
and Corrected was printed. 

The Lambert projections. Johann Heinrich Lambert, 1728-1777, self-educated 
son of an Alsace tailor, designed a number of map projections. Some of these are still 
widely used, the most renowned being the Lambert conformal (art. 314). 

110. Sailing directions.—From earliest times there has been a demand for knowl- 
edge of what lay ahead, and this gave rise to the early development of sailing directions 
(art. 1301). 

The Periplus of Scylax, written sometime between the sixth and fourth centuries 
BC, is the earliest known book of this type. Surprisingly similar to modern sailing 
directions, it provided the mariner with information on distances between ports, aids and 
dangers, port facilities, and other pertinent matters. The following excerpt is typical: 

“Libya begins beyond the Canopic mouth of the Nile. . . . The first people in 
Libya are the Adrymachidae. From Thonis the voyage to Pharos, a desert island 
(good harbourage but no drinking water), is 150 stadia. In Pharos are many harbors. 
But ships water at the Marian Mere, for it is drinkable. . . . The mouth of the bay 
of Plinthine to Leuce Acte (the white beach) is a day and night’s sail; but sailing 
round by the head of the bay of Plinthine is twice as long. . . .” 

Parts Around the World, Pytheas’ book of observations made during his epic voy- 
age in the fourth century BC, was another early volume of sailing directions. His 
rough estimates of distances and descriptions of coastlines would be considered crude 
today, but they served as an invaluable aid to navigators who followed him into these 
otherwise unknown waters. 

Sailing directions during the Renaissance. No particularly noteworthy improve- 
ments were made in sailing directions during the Middle Ages, but in 1490 the Portolano 
Rizo was published, the first of a series of improved design. Other early volumes of 
this kind appeared in France and were called “routiers’—the ratters of the English 
sailor. In 1557 the Italian pilot Battista Testa Rossa published Brieve Compendio del 
Arte del Navigar, which was designed to serve the mariner on soundings and off. It 
forecast the single, all-inclusive volume that was soon to come, the Waggoner. 

About 1584 the Dutch pilot Lucas Janszoon Waghenaer published a volume of 
navigational principles, tables, charts, and sailing directions which served as a guide 
for such books for the next 200 years. In Spieghel der Zeevaerdt (The Mariner’s Mirror), 
Wagheneer gave directions and charts for sailing the waters of the Low Countries and 
later a second volume was published covering waters of the North and Baltic seas. 

These “Waggoners” met with great success and in 1588 an English translation of 
the original book was made by Anthony Ashley. During the next 30 years, 24 editions of 
the book were published in Dutch, German, Latin, and English. Other authors followed 
the profitable example set by Waghenaer, and American, British, and French navigators 
soon had “‘Waggoners” for most of the waters they sailed. 

The success of these books and the resulting competition among authors were 
responsible for their eventual discontinuance. Each writer attempted to make his 
work more inclusive than any other (the 1780 Atlantic Neptune contained 257 charts 
of North America alone) and the resu's was a tremendous book difficult to handle. 
They were too bulky, the sailing directions were unnecessarily detailed, and the charts 
too large. In 1795 the British Hydrographic Department was established, and charts 
and sailing directions were issued separately. The latter, issued for specific waters, 
were returned to the form of the original Periplus. 
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HISTORY OF NAVIGATION 


Modern sailing directions. The publication of modern sailing directions by the 
Defense Mapping Agency Hydrographic Center is one of the achievements properly 
attributed to Matthew Fontaine Maury. During the two decades he headed the Depot 
of Charts and Instruments (renamed U. S. Naval Observatory and Hydrographical 
Office in 1854), Maury gathered data that led to the publicetion of eight volumes 
of sailing directions. 

111. The compass.—Early in the history of navigation man noted that the poie 
star (it may have been a Draconis then) remained close to one point in the northern 
sky. This served as his compass. When it was not visible, he used other stars, the 
sun and moon, winds, clouds, and waves. The development of the magnetic compass, 
perhaps a thousand years ago, and the 20th century development of the gyrocompass, 
offer today’s navigator a method of steering his course with an accuracy as great as 
he is capable of using. 

The magnetic compass (art. 623) is one of the oldest of the navigator’s instruments. 
Its origin is not known. In 203 BC, when Hannibal set sail from Italy, his pilot was 
said to be one Pelorus. Perhaps the compass was in use then; no one can say for 
certain that it was not. There is little to substantiate the story that the Chinese 
invented it, and the legend that Marco Polo introcuced it into Italy in the 13th century 
is almost certainly false. It is sometimes stated that the Arabs brought it to Europe, 
but this, too, is unlikely. Probably it was known first in the west. The Norsemen 
of the 11th century were familiar with it, and about 1200 a compass used by mariners 
when the pole star was hidden was described by a French poet, Guyot de Provins. 

A needle thrust through a straw and floated in water in a container comprised the 
earliest compass known. A 1248 writer, Hugo de Bercy, spoke of a new compass con- 
struction, the needle “now” being supported on two floats. Petrus Peregrinus de 
Maricourt, in his Epistola de Magnete of 1269, wrote of a pivoted floating compass 
with a lubber’s line, and said that it was equipped with sights for takine bearings. 

The reliability of the magnetic compass of today is a comparatively recent achieve- 
ment. It was not until the 1870's that Sir William Thomson (Lord Kelvin) was able to 
successfully combine all of the requirements for a good dry-card compass, and mount it 
in a well-designed binnacle. The dry-card compass was the standard compass in the 
Kioyal Navy until 1906 when the Board of Admiralty adopted the liquid compass as 
the standard compass. 

The compass card, according to tradition, originated about the beginning of the 
14th century, when Flavio Gioja of Amalfi attached a sliver of lodestone or a mag- 
netized needle to a card. But the rose on the compass card is probably older than the 
needle. It is the wind rose of the ancients. Primitive man naturally named directions 
by the winds. The prophet Jeremiah speaks of the winds from the four quarters of 
heaven (Jer. 49:36) and Homer named four winds—Boreas, Eurus, Notus, and Lephy- 
rus. Aristotle is said to have suggested a circle of 12 winds, and Eratosthenes, who 
measured the world correctly, reduced the number to eight about 200 BC. The “Tower 
of Winds” at Athens, built about 100 BC, had eight sides. The Latin rose of 12 points 
Was common on most compasses used in the Middle Ages. 

Variation (art. 706) was well understood 200 years ago, and navigators made 
allowance for it, but earliest recognition of its existence is not known. Columbus and 
even the 11th century Chinese have been given credit for its discovery, but little proof 
can be offered for either claim. 

The secular change in variation was determined by a series of magnetic observa- 
tions made at Limehouse, England. In 1580 William Borough fixed the variation in 
that area at approximately 11°25’ east. Thirty-two years later Edmund Gunter, 
professor cf astronomy at Gresham College, determined it to be 6°13’ east. At first 
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10 BISTORY OF NAVIGATION 
it was believed that Borough had made an error in his work, kunt in | a furver de- 
crease was found, and the earth’s changing magnetic field was establis’ ed. / 

A South Atlantic expedition was led by Edmond Halley ai the close of th 17th 
century to gather data and to map, for the first time, lines of varia,ion... “~* “teorgé 
Graham published his observations in proof of the diurnal change in vcric ion. Canton 
determined that the change was considerably less in winter than in summer, and about 
1785 the strength of the magnetic force was shown by Paul de Lamanon to vary in 
different places. 

The existence of deviation (art. 709) was known to John Smith in 1627 when he 
wrote of the “bittacle” as being a “square box nailed together with wooden pinnes, 
because iron nails would attract the Compasse.” But no one knew how to correct a 
compass for deviation until Captain Matthew Flinders, while on a voyage to Australia 
in HMS Investigator in 1801-02, discovered a method of doing so. Flinders did not 
understand deviation completely, but the vertical bar he erected to correct for it was 
part of the solution, and the Flinders bar (art. 720) used today is a memorial to its 
discoversr. Between 1839 and 1855 Sir George Airy, then Astronomer Royal, studied 
the matter further and developed combinations of permanent magnets and soft iron 
masses for adjusting the compass. The introduction, by Lord Kelvin, of short needles 
as Compass magnets made adjustment more precise. 

The gyrocompass (art. 631). The age of iron ships demanded a compass which 
could be relied upon to indicate true north at all times, free from disturbing forces of 
variation and deviation. 

In 185}, at the Pantheon in Paris, Leon Foucault performed his famous pendulum 
experiment to demonstrate the rotation of the earth. Foucau!t’s realization that the 
swinging pendulum wouid maintein the plane of its motion led him, the following year, 
to develop and name the first gyroscope, using the principle of a common tor called a 
“rotascope.” Handicapped by the lack of a source of power to maintain the spin of 
his gyroscope, Foucault used a microscope to observe the indication of the earth’s 
rotation during the short period in which his manually operated gyroscope remained 
in rotation. A gyrocompass was not practical until electric power became available, 
more than 50 years later, to maintain the spir. of the gyroscope. 

Elmer A. Sperry, an American, and Anschutz-Kampfe, a German, independently 
invented gyrocompasses during the first decade of the 20th century. Tested first in 
1911 on a freighter operating off the East Coast of the United States and then on 
American warships, Sperry’s compass was found adequate, and in the years following 
World War I gyrocompasses became standard equipment on all large naval and 
merchant ships. 

Gyrocompass auxiliaries commonly used today were added later. These include 
gyro repeaters, to indicate the vessel’s heading at various locations; gyro pilots, to steer 
vessels automatically ; course recorders, to provide a graphic record of courses steered ; 
Syro-magnetic compasses, to repeat headings of magnetic compasses so located as to 
be least affected by deviation; and others in the fields of fire control, aviation, and 
guided missiles. 

112, The log.—Since virtually the beginning of navigation, the mariner has at- 
tempted to determine his speed in traveling from one point to another. The earliest 
method was probably by estimate. 

The oldest speed measuring device known is the Dutchman’s log. Originally, any 
object which would float was thrown overboard on the jee side, from a point well forward, 
and the time required for it to pass between two points on the deck was noted. The 
time, as determined by sand glass, was compared with the known distance along the 
deck between the two points to determine the speed. 
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Near the end of the 16th century a line was attached to the log. and as the line was 

; paid out « sailor recited certain sentences. The length of line which was paid out during 
: the recitation was used to determine the speed. There is record of this method having 
been used as recently as the early 17th century. In its final form this chip log; ship log, 
or common log consisted of the log chip (or log ship), log line, log reel, and log glass. 
The chip was a quadrant-shaped piece of wood weighted along its circumference.to keep 

it upright in the water (fig. 112). The log line-was made fast to the log chip by means 








Courtesy of ‘Motor Boating & Sailing.” 
Figure 112.-The common or chip log, showing the log 
ceel, the log line. the log chip, and the log glass. 


of a bridle, in such manner that a sharp pull on the log line dislodged a wooden peg and 
permitted the log cnip to be towed horizontally through the water, and hauled aboard. 
Sometimes a stray line was attached to the log to veer it clear of the ship’s wake. In 
determining speed, the observer counted the knots in the log line which was paid out 
during a certain time. The length of line between knots and the number of seconds 
required for the sand to run out were changed from time to time as the accepted length 
of the mile was altered. 

The chip log has been superseded by patent logs that register on dials. However, 
the common log has left its mark on modern navigation, as the use of the term knot 
to indicate a speed of one nautical mile per hour dates from this device. There is evidence 
to support the opinion that the expression “dead reckoning” had its origin in this same 
device, or perhaps in the earlier Dutchman’s log. There is logic in attributing “dead” 
reckoning to a reckoning relative to an object “dead” in the water. 

Mechanical logs first appeared about the middle of the 17th century. By the begin- 
ning of the 19th century, the forerunners of modern mechanical logs were used by some 
navigators, although many years were to pass before they became generally accepted. 

In 1773 logs on which the distance run was recorded on dials secured to the 
taffrail were tested on board a British warship and found reasonably adequate, although 
the comparative delicateness of the mechanism led to speculation about their long- 
term worth. Another type in existence at the time consisted of a wheel arrangement 
made fast on the underside of the keel, which transmitted readings to a dial inside the 
vessel as the wheel rotated. 

Ar improved log was introduced by Edwars Massey in 1802. This log gave 
considerably greater accuracy by means of a more sensitive rotator attached by a 
short length of line to a geared recording instrument. The difficulty with this log 
was that it had to be hauled aboard to take each reading. Various improvements 
were made, notably by Alexander Bain in 1846 and Thomas Walker in 1861, but it 
was not until 1878 that a log was developed in which the rotator could be used in 
conjunction with a dial secured to the after rail of the ship, and although refinements 


and improvements heve bcen made, the patent log used today is essentially the same 
as that developed in 1878. 
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Engine revolution counters (art. 616) had their origin with the-observations of 


the captains of the first paddle steamers, who discovered that by counting the paddle 
revolutions, they could, with practice, estimate their runs in thick weather as accurately 
as they could by streaming the log. Later developments led to the modern revolution 
counter on screw-type vessels, which can be used :-ith reasonable accuracy if the 
propeller is submerged and an accurate estimate of slip is made. 

Pitot-static and: impeller logs (arts. 613, 614) are mechanical developments 
in th. Seld of speed measurement. Each utilizes a retractable “rodmeter” which 
projects through the hull of the ship into the water. In the Pitot-static log, static and 
dynamic pressures on the rodmeter transmit readings to the master speed indicator. 
In the impeller log an electrical means of transmitting speed indications is used. 

113. Units of distance and depth.—The modern navigator is concerned principally 
with four units of linear measure: the nautical mile, the fathom, the foot and the meter. 
Primitive man, however, used such natural units as the width of e finger, the span 
of his hand, the length of his foot, the distance from his elbow to the tip of the middle 
finger (the eubit of biblical renown), or the pace (sometimes one but usually a double 
step) to measure short distances. 

Although the Roman mile had a value of about 1,488 meters or about 0.9248 of 
our statute mile of 5,280 feet, several standards were in use among the cities of ancient 
Greece at the same time. The Greek stadia being variable, there is uncertainty as to 
the accuracy of the measurement of the earth by Eratosthenes. 

The nautical mile bears little relation to these land measures, which were not 
associated with the size of the earth. With the emergence of the nautical chart, it 
became customary to show a scale of miles on the chart, and the accepted value of this 
unit varied over the centuries with the changing estimates of the size of the earth. 
These estimates varied widely, ranging from about 44.5 to 87.5 modern nautical miles 
per degree of latitude, although generally they were too small. Columbus and Magellan 
used the value 45.3. Actually, the earth is about 32 percent larger. The Almagest of 
Ptolemy considered 62 Roman miles equivalent to one degree, but 2 1466 edition of 
this book cont.ined a chart of southern Asia drawn by Nicolaus Germanus on which 60 
miles were shown to a degree. Whether the change was considered a correction or 
an adaptation to provide a more convenient relationship between the mile and the 
degree is not clear, but this is the earliest known use of this ratio. 

Later, when the size of the earth was determined by measurement, the relation- 
ship of 60 Roman miles of 4,858.60 U.S. feet to s degree of latitude was seen to be 
in error. Both possible solutions to the problem—changing the ratio of miles to a 
degree, or changing the length of the mile—had their supporters, and neither group 
was able te convince the other. As a result, the shorter mile remained as the land or 
statute mile (now established as 5,280 feet in the United States), and the longer nautical 
mile gradually beceme established at sea. The earliest known reference to it by this 
name occurred in 1730. 

Finer instruments and new methods make increasingly more accurate determina- 
tions of the size of the earth an ever-present possibility. Hence, a unit of length de- 
fined in terms of the size of the earth is undesirable. Recognition of this led, in 1875, 
to a change in the definition of tie meter from one ten-millionth of the distance from 
the pole to the equator of the earth to the distance between two marks (approximately 
39.37 U. S. inches) on a standard platinum-iridivm bar kept at the Pavillon de Breteuill 
at Sevres, near Paris, France, by the International Commission of Weights and Meas- 
ures. In further recognition of this principle, the International Hydrographic Bureau 
in 1929 recommended adoption of a standard value for the nautical mile, and proposed 
1,852 international metere. This International Nautical Mile of 1,852 meters exactly 
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has been adopted by nearly all maritime nations. The U.S. Departments of Defense 
and Commerce adopted this value in July 1954. With the yard-meter relationship 
then in use, the International Nautical Mile was equivalent to 6,076.10333 feet, approxi- 
mately. Using the yard-meter exact relationship of one yard equal to 0.9144 meter 
adopted by the United States on July 1, 1959, the Internation... Nautical Mile is 
equivalent to 6,076.11549 feet, approximately. In October 1960, the Eleventh General 
(International) Conference «n Weights and Measures redefined the meter as equal to 
1,650,763.73 wavelengths of the orange-red radiation in vacuum of krypton 86. 

The meter as a unit of depth and height on U. S. nautical charts is of recent origin. 
The current policy of the Defense Mapping Agency Hydrographic Center of convert- 
ing new compilations of nautical and special purpose charts to the metric system was 
implemented on January 2, 1970. 

The fathom as a unit of length or depth is of obscure origin, but p:mitive man 
considered it a measure of the outstretched arms, and the modern seaman still es- 
timates the length of a line in this manner. That the unit was used in early times 
is indicated by reference to it in the detailed account given of the Apostle Paul’s 
voyage to Rome, as recorded in the 27th chapter of the Acts of the Apostles. Posidonius 
reported a sounding of more than 1,000 fathoms in the second century BC. How old 
the unit was at that time is unknown. 

114. Soundings.—Probably the most dangerous phase of navigation occurs when 
the vessel is ‘on soundings.’ Since man first began navigating the waters, the possi- 
bility of grounding his vessel has been a major concern, and frequent soundings have 
been the most highly valued safeguard against that experience. Undoubtedly used long 
before the Christian era, the lead line is perhaps the oldest instrument of navigation. 

The lead line. The hand lead (art. 618), consisting of a lead weight attached to a 
line usually marked in fathoms, has been known since antiquity and, with the exception 
of the markings, is probably the same today as it was 2,000 or more years ago. The deep 
sea lead, a heavier weight with a longer line, was a natural outgrowth of the hand lead. 
A 1585 navigator speaks of soundings of 330 fathoms, and in 1773, in the Norwegian 
Sea, Captain Phipps had all the sounding lines on board spliced together to obtain a 
sounding of 683 fathoms. Matthew Fontaine Maury made his deep sea soundings by 
securing e cannon shot to a ball of strong twine. The heavy weight caused the twine 
to run out rapidly, and when bottom was reached, the twine was cut and the depth 
deducec from the amount remaining on the ball. 

The sounding machine. The biggest disadvantage of the deep sea lead is that the 
vessel must be stopped if depths are to be measured accurately. This led to the develop- 
ment of the sounding machine. 

Early in the 19th century a sounding machine similar to one of the earlier patent 
logs was invented. A wheel was secured just above the lead and the cast made in such 
a way that all the line required ran out freely and the lead sank directly to the bot- 
tom. The motion through the water during the descent set the wheel revolving, 
and this in turn caused the depth to be indicated on a dial. Ships sailing at perhaps 
12 knots required 20 or 30 men to heave aboard the heavy line with its weight of 50 or 
more pounds after each cast. A somewhat similar device was the buoy sounder. The 
lead was passed through a buoy in which a spring catch was fitted and both were cast 
over the side. The lead ran freely until bottom was reached, when the catch locked, 
preventing further running out of the line. The whole assembly was then brought on 
board, the depth from the buoy to the lead being read. 

The first use of the pressure principle to determine the depth of water occurred 
early in the 19th century when the “Self-acting Sounder” was introduced. A hollow 
glass tube open at its lower end contained an index which moved up in the tube as 
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greater water pressure compressed the air inside. The index retained its highest position 
when hauled aboard the vessel, and its height was proportional to the depth of the 

water. 
The British scientist, Sir William Thomson (Lord Kelvin) in 1878 perfected the 
sounding machine after repeated tests at sea. Pricr to his invention, fibre line was used 
. exclusively in soundings. His introduction of piano wire solved the problem of rapid 
descent of the lead and also that of hauling it back aboard quickly. The chemically 
coated glass tube which he used to determine depth was an improvement of earlier meth- 
ods, and the worth of the entire machine is evidenced by the fact that it is still used 

. in essentially the same form. 

Echo sounding. Based upon the principle that sound travels through sea water at 
a nearly uniform rate, automatic depth-registering devices (art. 619) have been invented 
to indicate the depth of water under a vessel, regardless of its speed. In 1911 an ac- 
. count was published of an experiment performed by Alexander Behm of Kiel, who timed 
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‘ the echo of an underwater explosion, testing this theory. High frequency sounds in water | = 

were produced by Pierre Langevin, and in 1918 he used the prmciple for echo depth ae 

finding. The first. practical echo sounder was developed by the United States Navy in a 

1922. = 

The actual time between emission of a sonic or ultrasonic signal and return of its & 

echo from the bottom, the angle at which the signal is beamed downward in order that = 

its echo will be received at another part of the vessel, and the phase difference between z 

5 z 

= we 

er , 115. Aids to navigation. —The Cushites and Libyans constructed towers along the & 
: Mediterranean coast of Egypt, and priests maintained beacon fires in them. These = 
, ase 


were the earliest known lighthouses. At Sigeum in the Troad (part of Troy) a lighthouse 
was built before 660 BC. One of the seven wonders of the ancient world was the light- 
house called the Pharos of Alexandria, which may have been more than 200 feet tall. 
it was built by Sostratus of Cnidus (Asia Minor) in the third century BC, during the 
reign of Ptolemy Philadelphus. The word “pharos” has since been a general term for 
lighthouses. Some time between 1584 and 1611 the light ef Cordouan, the earliest wave- 
swept lighthouse, was erected at the entrance to the Gironde river in western France. 
An oak log fire illuminated this structure until the 18th century. 

Wood or coal fires were used in the many lighthouses built along the European 
and British cousts in the 17th and 18th centuries. One of these, the oak pile structure 
erected by Henry Whiteside in 1776 to warn shipmasters of Small’s Rocks, subsequently 
played a major role in navigational history, as it was this light which figured in the dis- 
covery of the celestial line of position by Captain Thomas Sumner some 60 years later 
(art. 131). 

In England such structures were privately maintained by interested organizations. 
One of the most famous of these groups, popuiarly known as “Trinity House,” was 
organized in the 16th century, perhaps earlier, when a “beaconage and buoyage’’ fee pete 3 
was levied on English vessels. This prompted the establishment of Trinity House “to : 
make, erect, and set up beacons, marks, and signs for the sea”? and to provide vessels 
with pilots. The organization is now in its fifth century of operation, and its chief “ 
duties are to serve as a general lichthouse and pilotage authority, and to supply pilots. - 

The first lightship was a small vessel with lanterns hung from its yardarms. It . 
way stationed at the Nore in the Thames estuary, in 17382. : 

The pilot’s profession is not much younger than that of the mariner. The Bible = 
relates (1 Kings 9:27) that Hiram of Tyre provided pilots for King Solomon. The 
duties of these pilots are not specified. In the first century AD, fishermen of the 
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Gulf of Cambay, India, met seagoing vessels and guided them into port. It is probable 
that pilots were established in Delaware Bay earlier than 1756. 

Seafaring people of the United States had erected lighthouses and buoys before 
the Revolutionary War, and in 1789 Congress passed legislation providing for federal 
expansion of the work. About 1767 the first buoys were placed in the Delaware River. 
‘These were logs or barrels, but about 1820 they were replaced with spar buoys. In 
that same year, the first lightship was established in Chesapeake Bay. 

As the maritime interests of various countries grew, more and better aids to 
navigation were made cvailable. In 1850 Congress prescribed the present system of 
coloring and numbering United States buoys (app. Y). Conformity as to shape resulted 
from the recommendations of the International Marine Conference of 1889. The second 
helf of the 19th century saw the development of bell, whistle, and lighted buoys, and 
in 1910 the first lighted buoy in the United States utilizing high pressure acetylene 
apparatus was placed in service. Stationed at the entrance to Ambrose Channel in 
New York, it provided the basis for the high degree of perfection which has been 
achieved in the lighted buoy since that time. The complete buoyage system 
maintained by the U.S. Coast Guard today is chiefly a product of the 20th century. In 
1990 there were approximately 5,000 buoys of all types in use in the United States, 
while today there are more than 20,000. 

116. The sailings.-The various methods of mathematically determining course, 
distance, and position arrived at have a history almost as old as mathematics itself. 
Thales, Hipparchus, Napier, Wright, and others contributed the formulas that led to 
the tables permitting computation of course and distance by plane, traverse, parallel, 
midale-latitude, Mercator, and great-circle sailings. 

Plane sailing (art. 810). Based upon the assumption that the surface of the earth 
is plane, or fiat, this method was used by navigators for many centuries. The navigator 
solved problems by laying down his course relative to his meridian, and stepping off 
the distance run to the new position. This system is used with accuracy today in meas- 
uring short runs on a Mercator chart, which compensates for the convergence of the 
meridians, but on the plane chart, serious errors resulted. Early navigators might have 
obtained mathematical solutions to this problem, with no greater accuracy, but the 
graphical method was commonly used. 

Traverse sailing (art. $10). Because sailing vessels were subject to the winds, 
navigators of old were seldom able to sail one course for great distances, and conse- 
quently a series of small triangles had to be solved. Equipment was designed to help 
semen in maintaining their dead reckoning positions. The modern rough log evolved 
from the log board, hinged wooden boards that folded like a book and on which courses 
and distances were marked in chalk. Each day the position was determined from this 
data and entered in the ship’s journal, today’s smooth log. 

The log board was succeeded by the travas, a board with lines radiating from the 
center in 32 compass directions. Regularly spaced along the lines were small holes 
into which pegs were fitted to indicate time run on the particular course. In 1627 
John Smith described the travas as a “little round board full of holes upon lines like 
the compasse, upon which by the removing of a little sticke they (seamen) keepe an 
account, how many glasses (which are but halfe houres) they steare upon every point 
of the compasse.” 

These devices were of great. value to the navigator in keeping a record of the 
courses and distances sailed, but. still left him the long mathematical solutions necessary 
to determine the new position. In 1436 what appears to have been the first traverse 
table was prepared by Andrea Biancho. Using this table of solutions of right-angled 
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plane triangles, the navigator was able to determine his course and distance made good 
after sailing a number of distances in different directions. 

Parallel sailing (art. 810) was an outgrowth of the navigator’s inability to deter- 
mine his longitude. Not a mathematical solution in the sense that the other sailings 
are, it involved converting the distance sailed along a parallel (departure), as deter- 
mined by dead reckoning, into longitude. 

Middle-latitude sailing (art. 810). The inaccuracies involved in plane sailing led | 
to the impioved method of middle-latitude sailing early in the 17th century. A mathe- | 
matician named Ralph Handson is believed to have been its inventor. Bs 

Middle-latitude sailing is based upon the assumption that the use of a parallel 
midway between those of departure and arrival will eliminate the errors inherent in 
plane sailing due to the convergence of the meridisns. The assumption is reasonably 
accurate and although the use of Mercator sailing usually results in greater accuracy, 

. middle-latitude sailing still serves a useful purpose. 

Mercator sailing (art. 810). Included in Edward Wright’s Certaine Errore in 
Navigation Detected and Corrected, of 1599, was the first published table of meridional 
parts which provided the basis for the most accurate of rhumb line sailings—Mercator 
sailing, 

Great-circle sailing (art. 812). For many hundreds of years mathematicians have 
known that a great circle is the shortest distance between two points on the surface 
of a sphere, but it was not until the 19th century that navigators began to regularly 

make use of this information. 

ar The first printed description of great-circle sailing appeared in Pedro Nunes’ 
: 1537 Tratado da Sphera. The method had previously been proposed by Sebastian 
Cabot in 1498, and in 1524 Verrazano saiied a great-circle course to America. But the 
sailing ships could not regularly expect the steady winds necessary to sail such a course, 
and their lack of knowledge concerning longitude, plus the necessity of stopping at 
islands along their routes to take supplies, made it impractical for most voyages at that 
time. 

The gradual accumulation of knowledge concerning seasonal and prevailing winds, 
weather conditions, and ocean currents eventually made it possible for the navigator 
to plan his voyage with more assurance. Nineteenth century writers of navigational 
texts recommended the use of great-circle sailing, and toward the close of that century 
such sailing became increasingly popular, particularly in the Pacific. 

117. Hydrographic offices—The practice of recording hydrographic data wes 
centuries old before the establishment of the first official hydrographic office, in 1720. 
In that year the Depot des Cartes, Plans, Journaux et Memoirs Relatifs a la Navi- 
gation was formed in Fraace with the Chevalier de Luynes in charge. The Hydro- 
graphic Department of the British Admiralty, though not established until 1795, has 
played a major part in European hydrographic work. 

The National Ocean Survey was originally founded when Congress, in 1807, 
passed a resolution authorizing a survey of the coast, harbors, outlying islands, and 
ete fishing banks of the United States. On the recommendation of the American Philo- 

sophical Society, President Jefferson appcinted Ferdinand Hassler, a Swiss immigrant 
who had founded the Geodetic Surve:’ of his native land, the first Director of the 
“Survey of the Coast.” The survey wa: renamed “Coast Survey” in 1836. 

The approaches to New York were the first sections of the coast charted, and from 
there the work spread northward and southward along the eastern seaboard. In 1844 
the work was expanded anc arrangements made to chart simultaneously the gulf and 
east coasts. Investigation of tidal conditions began, and in 1855 the first tables of 
tide predictions were published. The California gold rush gave impetus to the survey 
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of the west coast, which began in 1850, the year California became a-State. The 
survey ship Washington undertook investigations of the Gulf Stream. Coast pilots, 
or sailing directions, for the Atlantic coast of the United States were privately published 
in the first half of the 19th century, but about 1850 the Survey began accumulating 
data that led to federally produced coast pilots. The 1889 Pacific Coast Pilot was an 
outstanding contribution to the safety of west coast shipping. 

In 1878 the survey was renamed “Coast and Geodetic Survey”; in 1970 the survey 
became the “National Ocean Survey.” 

Today the National Ocean Survey provides the mariner with the charts and coast 
pilots of all waters of the United States and its possessions, and tide and tidal current 
tables for much of the world. 

Defense Mapping Agency Hydrographic Center. In 1830 the U. S. Navy estab- 
lished a ‘Depot of Charts and Instruments” in Washington, D.C. Primarily, it was to 
serve as a storehouse where such charts and sailing directions as were available, to- 
gether with navigational instruments, could be assembled for issue to Navy ships whick 
required them. Lieutenant L. M. Goldsborough and one assistant, Passed Midshipman 
R. B. Hitchcock, constituted the entire staff. 

The first chart published by the Depot was produced from data obtained in s 
survey made by Lieutenant Charles Wilkes, who had succeeded Goldsborough in 1834, 
and who later earned fame as the leader of a United States exploring expedition to 
Antarctica. 

From 1842 until 1861 Lieutenant Matthew Fontaine Maury served as Officer- 
in-Charge. Under his command the Depot rose to international prominence. Maury 
decided upon an ambitious plan to increase the mariner’s knowledge of existing winds, 
weather, and currents. He began by making a detailed record of pertinont matter 
included in old log books stored at the Depot. He then inaugurated a hydrographic 
reporting progrem among shipmasters, and the thousands of answers received, along 
with the log book data, were first utilized to publish the Wind and Current Chart of the 
North Atlantic of 1847. The United States instigated an international conference in 1853 
to interest other nations in a system of exchanging nautical information. The plan, 
which was Maury’s, was enthusiastically adopted by other maritime nations, and is the 
basis upon which hydrographic offices operate today. 

In 1854 the Depot was redesignated the “U. S. Naval Observatory and Hydro- 
graphical Office,” and in 1866 Congress separated the two, broadly increasing the 
functions of the latter. The Office was authorized to carry out surveys, collect informa- 
tion, and print every kind of nautical chart and publication, all “for the benefit and 
use of navigators generally.” 

One of the first acts of the new Office was to purchase the copyright of The New 
American Practical Navigator. Several volumes of sailing directions had already been 
published. The first Notice to Mariners eppeared in 1869. Daily broadcast of naviga- 
tional warnings was inaugurated in 1907, and in 1912, following the sinking of the 
SS Titanic, Hydrographic Office action led to the establishment of the International 
Ice Patrol. 

The development by the U. S. Navy of an improved depth finder in 1922 made 
possible the acquisition of additional information concerning bottom topography. 
During the same year aerial photography was first employed as an aid in chart making. 
The Hydrographic Office published the first chart for lighter-than-air craft in 1923. 

In 1962 the U.S. Navy Hydrographic Office was redesignated the U.S. Naval 
Oceanographic Office. In 1972 certain hydrographic functions of the latter office were 
transferred to the Defense Mapping Agency Hydrographic Center. 
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HISTORY OF NAVIGATION 


The International Hydrographic Organization (IHO) was originally established in 
1921 as the International Hydrographic Bureau (IHB). ‘The present name was adopted in 
1970 as a result of a revised international agreement among member nations. However, 
the former name, International Hydrographic Bureau, was retained for the IHO’s 
administrative body of three Directors and a small Staff at the Organization’s head- 
quarters in Monaco. 

The IHO (as did the former IHB) sets forth hydrographic standards as they are 
agreed upon by the member nations. Al! member States are urged and encouraged to 
follow these standards in their surveys, nautical charts, and publications. As these 
standards are uniformly adopted, the products of the world’s hydrographic and ocean- 
ographic offices become more uniform. Much has been done in the field of standardiza- 
tion since the Bureau was founded. 

The principal work undertaken by the IHO is: 

1. to bring about a close and permanent association between national hydrographic 
offices; 

2. to study matters relating to hydrography and allied sciences and techniques; 

3. to further the exchange of nautical charts and documents between hydrographic 
offices of Member Governments; 

4. to circulate the appropriate dccuments; 

5. to tender guidance and advice upon request, in particular to countries engaged 
in setting up or expanding their hydrographic service; 

6. to encourage coordination of hydrographic surveys with relevant oceanographic 
activities; 

7. to extend and facilitate the application of oceanographic knowledge for the 
benefit of navigators; 

8. to cooperate with international organizations and scientific institutions which 
have related objectives. 

During the 19th century, many maritime nations established hydrographic offices 
to provide means for improving the navigation of naval and merchant vessels by pro- 
viding nat tical publications, nautical charts, and other navigational services. Non- 
uniformity of hydrographic procedures, charts, and publications was much in evidence. 
In 1889, an {aternational Marine Conference was held at Washington, D.C., and it was 
proposed to establish a “permanent international commission.” Similar proposals were 
made at the sessions of the International Congress of Navigation held at St. Petersburg 
in 1908 and again in 1912. 

In 1919 the hydrographers of Great Britain and France cooperated in taking the 
necessary steps to convene an international conference of hydrographers. London was 
selected as the most suitable place for this conference, and on July 24, 1919, the First 
International Conference opened, attended by the hydrographers of 24 nations. ‘The 
object of the conference was clearly stated in the invitation to attend. It read, “To 
consider the advisability of all maritime nations adopting similar methods in the prepara- 
tion, construction, and production of their charts and all hydrographic publications; 
of rendering the results in the most convenient form te enable them to be readily used ; 
of instituting a prompt system of mutual exchange of hydrographic information between 
all countries; and of providing an opportunity to consultations and discussions to be 
carried out on hydrographic subjects generally by the hydrographic experts of the 
world.” In general, this is still the purpose of the International Hydrographic Organiza- 
tion. As a result of the conference, a permanent organization was formed and statutes 
for its operations were prepared. ‘Che International Hydrographic Bureau, now the 
International Hydrographic Organization, began its activities in 1921 with 18 nations 
as members. The Principality of Monaco was selected because of its easy communi- 
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HISTORY OF NAVIGATION 19 


cation with the rest of the world and also because of the generous offer of Prince Albert I 
of Monaco to provide suitable accommodations for the Bureau in the Principality. 
The IHO, including the three Directors and their staff, is housed in its own headquar- 
ters which were built and ere maintained by the Government of Monaco. 

The works of the IHO aze published in both French and English and are distributed 
through various media. Many of the publications are available to the general public, 
and a discount of 30 percent is offered to naval and merchant marine officers of any 
of the member nations. Inquiries as to the availability of the publications should be 
made directly to the “International Hydrographic Bureau, Avenue President J. F. 
Kennedy, Monte-Carlo, Monaco.” 

118. Navigation manuals.— Although navigation is as old as man himself, naviga- 
tion textbooks, as they are thought of t<day, are a product of the last several centuries. 
Until the end of the Dark Ages such bocks, or manuscripts, as were available were 
written by astronomers for other astronomers. The navigator was forced to make use 
of these, gleaning what little was directly applicable to his profession. After 1500, 
however, the need for books on navigation resulted in the publication of a series of 
manuals of increasing value to the mariner. 

Sizteenth century manuals. Frequently 2 command of Latin was required to study 
navigation during the i6th century. Regimento do estrolabio e do quadrante (fig. 130a) , 
which was published at Lisbon in 1509, or earlier, explained the method of finding 
latitude by meridian observations of the sun and the pole star, contained a traverse table 
for finding the longitude by dead reckoning, and listed the longitudes of a number of 
places. Unfortunately, the author made several errors in transvibing the declination 
tables published by Abraham Zacuto in 1474, and this resulted in .tors being made for 
many years in determining latitude. Nevertheless, the nameless writer of the Regimento 
performed a great service for all mariners. His “Handbook for the Astrolabe and 
Quadrant’’—to translate the titlh—had many editions and many emulators. 

In 1519 Fernandez de Encisco published his Swma de Geographia, the first Spanish 
manual. The book was Iergely a translation of the Regimento, but new information 
was included, and revisions were printed in 1530 and 1546. 

The Flemish mathemetician and astronomer R. Gemma Frisius published a book 
on navigation in 1530. This manval, entitled De Principiis Astronomiae, gave an 
excellent description of the sphere, although the astronomy was that of Ptolemy, and 
discussed at length the use of the globe in navigation. Gemma gave courses in terms 
of the principal winds, proposed that longitude be reckoned from the Fortunate Islands 
(Canary Islands), and gave ~v!es for finding the dexd reckoning position by courses 
and distances sailed. 

Tratado da Sphera, Pedro Nunes’ great work, appeared in 1537. In addition to 
the first printed description of great-circle sailing, Nunes’ book included a section on 
determining the latitude by two altitudes of the sun (taken when the azimuths differed 
by not less than 40°) and solving the problem on a globe. The method was first 
proposed by Gemma. Tratado da Sphera contained the conclusion of a study of the 
“plane chart’? which Nunes had made. He exposed its errors, but was unable to develop 
a satisfactory substitute, 

During the years that followed, an extensive navigational literature became avail- 
able. The Spaniards Pedro de Medina and Martin Cortes published successful manuals 
in 1545 and 1551, respectively. Medina’s Arte de Navegar passed through 13 editions in 
several languages and Breve de la Spera y de la Arte de Navegar, Cortes’ book, was 
eventually translated into English and became the favorite of the British navigator. Cortes 
discussed the principle which Mercator used 18 years later in constructing his famous 
chart, and he also listed accurately the distance between meridians at all latitudes. 
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20 HISTORY OF NAVIGATION 


The first western hemisphere navigation manual was published by Diego Garcia de 
Palacio at Mexico City in 1587. His Instrucion Nauthica included a partial glossary of 
nautical terms and certain data on ship construction. 

John Davis’ The Seaman's Secrets of 1594 was the first of the “practical”? books. 
Davis was a celebrated navigator who asserted that it was the purpose of his book to 
give “all that is necessary fer sailors, not for scholars on shore.” Davis’ book discussed 
at length the navigator’s instruments, and went into detail cn the “sailings.” He ex- 
plained the method of dividing a great circle into a number of rhumb lines, and the 
work he had done with Edward Wright qualified him to report on the method and 
advantages of Mercator sailing. He endorsed the system of determining latitude by 
two observations of the sun and the intermediate bearing. 

Although best known for the presentation of the theory of Mercator sailing, 
Edward Wright’s Certaine Errors in Navigation Detected and Corrected (1599) was a 
sound navigation manual in its own right. Particularly, he advocated correcting 
sigkts for dip, refraction, and parallax (ch. XVI). 

Later manuals. The next 200 years saw a succession of navigation manuals made 
available to the navigator; so many that only a few can be mentioned. Among those 
which enjoyed the greatest success were Blundeville’s Exercises, John Napier’s 
Mirifict Logarithmorum Canonis Descriptio (which introduced the use of logarithms 
at sea), tne tables and rules of Edmund Gunter, Arithmeticai Navigation by Thomas 
Addison, and Richard Norwood’s The Sea-mans Practice (which gave the length of the 
nautical mile as 6,120 feet). Robert Dudley filled four volumes in writing the Arcano 
del Mare (1646-47) as a‘d John Robertson with Hlements of Navigation. Jonas and 
John Moore, William Jones. and several Samuel Dunns were others who contributed 
navigation books before Natianiel Bowditch in America and J. W. Norie in England 
wrote the manuals which navigators found best suited to their needs. 

Bowditch’s The New American Practical Navigator was first published in 1802 (fig. 
118), and Norie’s Epitome of Navigation appeared the following year. Both were out- 
standing bi»oks which enabled the mariner of little formal education to grasp the 
essentials of his profession. The Englishman’s book passed through 22 editions in 
that country before losing its popularity to Captain Lecky’s famous “Wrinkles” in 
Practical Navigation of 1881. The American Practical Navigator is still read widely, 
more than a century-and-a-half after its original printing. 

A number of worthy navigation manuals have appeared in recent years. 









































Celestial Navigation 


119. Astronomy is sometimes called the oldest of sciences. The movements of 
the sun, moon, stars, and planets were used by the earliest men as guides in hunting, 
fishing, and farming. The first maps were probably of the heavens. 

Babylonian priests studied celestial mechanics at a very early date, possibly as 
early as 3800 BC, more probably about 1500 years later. These ancient astronomers 
predicted lunar and solar eclipses, constructed tables of the moon’s hour angle, and 
are believed to have invented the zodiac. The week and month as known today 
originated with thei. calendar. They grouped the stars by constellations. It is probable 
that they were arranged in essentially their present order as early as 2000 BC. The 
five planets easily identified by the unaided eye were known to the Babylonians, who 
were apparently the first to divide the sun’s apparent motion about the earth into 24 
equal parts. They published this and other astronomical data in ephemerides. There 
is svidence that the prophet Abraham had an excellent knowledge of astronomy. 
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Figure 118.—Original title page of The New American 
Practical Navigator, written by Nathaniel Bowditch and 
published in 1802. 
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92 HISTORY OF NAVIGATION 


The Chinese, too, made outstanding contributions to the science of the heavens. 
They may have fixed the solstices and equinoxes before 2000.BC. They had quadrants 
and armillary spheres, used water clocks, and observed meridian transits. These ancient 
Chinese determined that the sun made its annual apparent revolution about the earth 
in 365% days, and divided circles into that many parts, rather than 360. About 1100 BC 
the astronomer Chou Kung determined the sun’s maximum declination within about 15/ 

Astronomy was used by the Egyptians in fixing the dates of their religious festivals 
almost as early as the Babylonian studies. By 2000 BC or earlier the new year began 
with the heliacal rising of Sirius; that is, the first reappearance of this star in the 
eastern sky during morning twilight after having last been seen just after sunset in 
the western sky. The heliacal rising of Sirius coincided approximately with the annual 
Nile flood. sue famous Pyramid of Cheops, which was probably built in the 17th 
century BC, was so constructed that the light of Sirius shone down a southerly shaft 
when at upper transit, and the light of the Fole Star shone down a northerly shaft at 
lower transit, the axes of the two shafts intersecting in the royal burial chamber. 
When the pyramid was constructed, a Draconis, not Polaris, was the Pole Star. 

The Greeks learned of navigational astronomy from the Phoenicians. The earliest 
Greek astronomer, Thales, was of Phoenician ancestry. He is given credit for dividing 
the year of the western world into 365 days, and he discovered that the sun does not 
move uniformly between solstices. Thales is most popularly known, however, for 
predicting the solar eclipse of 585 BC, which ended a battle between the Medes and 
the Lydians. He was the first of the great men whose work during the next 700 years was 
the controlling force in navigation, astronomy, and cartography until the Renaissance. 

120. Shape of the earth.— Advanced as the Babylonians were, they apparently 
considered the earth to be flat. Land surveys of about 2300 BC show a “salt water 
river” encircling the country (fig. 120). 

But seafarers knew that the last to be seen of aship as it disappeared over the horizon 
was the masthead. They recognized the longer summer days in England when they 
sailed to the tin mines of Cornwall, as early as 900 BC. In that “northland” the Medi- 
terranean sailors noticed that the Pole Star was higher in the sky and the lower southern 
constellations were no longer visible. When Thales invented the gnomonic projection 
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Figure 120.—The original and reconstruction of a Babyloman map of about 500 BC. The Babylonians 
believed the earth to be a flat disk encircled by a salt water river. 
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HISTORY OF NAVIGATION 23 


about 600 BC, i:e must have believed the earth to be a sphere. Two centuries later Aris- 
totle wrote that the earth’s shadow on the moon during an eclipse was always circular. 
Archimedes (287-212 BC) used a gluss celestial globe with a smaller terrestrial globe 
inside it. Although the average man has understood the spherical nature of the earth 
for only a comparatively short period, leai 2d astronomers have accepted the fact for 
more than 25 centuries. 

121. Celestia! mechanics.—Among astronomers the principal question for 2,000 
years was not the shape of the earth, but whether it or the sun was the center of the 
universe. A stationary earth seemed logical to the early Greeks, who calculated that daily 
rotation would produce a wind of several hundred miles per hour at the equator. Fail-~ 
ing to realize that the earth’s atmosphere turns with it, they considered the absence 
of such a wind proof that the earth was stationary. 

The belief among the ancients was that all celestial bodies moved in circles about 
the earth. However, the planets—the “wanderers,” as they were called—contradicted 
this theory by their irregular motion. In the fourth century BC Eudoxus of Cnidus 
attempted to account for this by suggesting that planets were attached to concentric 
spheres which rotated about the earth at varying speeds. The plan of epicycles, the 
theory of the universe which was commonly accepted for 2,000 years, was first proposed 
by Appolonius of Perga in the third century BC. Ptolemy accepted and amplified the 
plan, explaining it in his famous books, the Almagest and Cosmographia. According to 
Ptolemy, the planets moved at uniform speeds in small circles, the centers of which 
moved at uniform speeds in circles about the earth (fig. 121). 





Frieure 121.—The plan of epicycies, by which the ancients explained the 
retrograde motion of the planets. The planets were believed to rotate in 
small circles whose centers moved about the earth in a large circle. 
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At first the Ptolemaic theory was accepted without question, but as the years 
passed, forecasts based upon it proved to be inaccurate. By the time the Alfonsine 
Tables were published in the 13th century AD, a growing number of astronomers 
considered the Ptolemaic doctrine unacceptable. However, Purbach, Regiomontanus, 
Bernhard Walther of Nuremberg, and even Tycho Brahe in the latter part of the 16th 
century, were among those who tried to reconcile the earth-centered epicyclic plan to 
the observed phenomena of the heavens. 

As early as the sixth century BC, a brotherhood founded by Pythagoras, a Greek 
philosopher, proposed that the earth was round and self-supported in space, and that 
it, the other planets, the sun, and the moon revolved about a central fire which they 
called Hestia, the hearth of the universe. The sun and the moon, they said, shone by 
reflected light from Hestia. 

The central fire was never located, however, and a few hundred years later Aris- 
tarchus of Samos advanced a genuine heliocentric theory. He denied the existence of 
Hestia and placed the sun at the center of the universe, correctly considering it to be 
a star which shone by itself. The Hebrews apparently understood the correct relation- 
ship at least as early as Abraham (about 2000 BC), and the early inhabitants of the 
Western Hemisphere probably knew of it before the Europeans did. 

The Ptolemaic theory was generally accepted until its inability to predict future 
positions of the planets could no longer be reconciled. Its replacement by the helio- 
centric theory is credited principally to Nicolaus Copernicus (or Koppernigk). After 
studying mathematics at the University of Cracow, Copernicus went to Bologna, where 
he attended the astronomical lectures of Domenicao Maria Novara, an advocate 
of the Pythagorean theory. Further study in Martianus Copella’s Satyricon, which 
includes a discussion of the heliocentric doctrine, convinced him that the sun was truly 
the center of the universe. 

Until the year of his death Copernicus tested his belief by continual observations, 
and in that year, 1543, he published De Revolutionibus Orbium Coelestium. In it he 
said that the earth rotated on its axis daily and revolved in a circle about the sun once 
each year. He placed the other planets in circular orbits about the sun also, recog- 
nizing that Mercury and Venus were closer than the earth, and the others farther out. 
He concluded that the stars were motionless in space and that the moon moved circu- 
larly about the earth. His conclusions did not become widely known until nearly a 
century later, when Galileo publicized them. Today, “heliocentric” and “Copernican”? 
are synonymous terms used in describing the character of the solar system. 

122. Other early discoveries.—A knowledge of the principal motions of the planets 
permitted reasonably accurate predictions of future positions. Other, less spectacular 
data, however, were being established to help round out the knowledge astronomers 
needed before they could produce the highly accurate almanacs known today. 

More than a century before the birth of Christ, Hipparchus discovered the pre- 
cession of the equinoxes (art. 1419) by comparing his own observations of the stars 
with those recorded by Timocharis and Aristyllus about 300 BC. Hipparchus cata- 
loged more than a thousand stars, and compiled an additional list of time-keeping stars 
which differed in sidereal hour angle by 15° (one hour), accurate to 15’. A spherical 
star map, or planisphere, and a celestial globe were among the equipment he designed. 
However, his instruments did not permit measurements of such precision that stellar 
parallax could be detected, and, consequently, he advocated the geocentric theory of 
the universe. 

Three centuries later Ptolemy examined and confirmed Hipparchus’ discovery of 
precession. He published a catalog in which he arranged the stars by constellations 
and gave the magnitude, declination, and right ascension (art. 1426) of each. Follow- 
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ing Hipparchus, Ptolemy determined longitudes by eclipses. In the Almagest he in- 
cluded the plane and spherical trigonometry tables which Hipparchus had developed, 
mathematical tables, and an explanation of the circumstances upon which the equation 
of time (art. 1809) depends. 

The next thousand years saw little progress in the science of astronomy. Alex- 
andria continued as a center of learning for several hundred years after Ptolemy, but. 
succeeding astronomers at the observatory confined their work te comments on his 
great books. The long twilight of the Dark Ages had begun. 

Alexandria was captured and destroyed by the Arabs in AD 640, and for the 
next 500 years Moslems exertec the primary influence in astronomy. Observatories 
were erected at Baghdad and Damascus during the ninth century. Ibn Yunis’ observa- 
tory near Cairo gathered the data for the Hakimite tables in the 11th century Earlier, 
the Spanish, under Moorish tutelage, set up schools of astronomy at Cordova and 
Toledo. 

123. Modern astronomy may be said to date from Copernicus, although it was 
not until the invention of the telescope, about 1608, that precise measurement of the 
Positions and motions of celestial bodies was possible. 

Galileo Galilei, an Italian, made outstanding contributions to the cause of astron- 
omy, and these served as a basis for the work of later men, particularly Isaac Newton. 
He discovered Jupiter’s satellites, providing additional opportunities for determining 
longitude on land. He maintained that it is natural for motion to be uniform and in a 
straight line and that a force is required only when direction or speed is changing. 
Galileo’s support of the heliocentric theory, his use and improvement of the telescope, 
and particularly the clarity and completeness of his records provided firm footing for 
succeeding astronomers. 

Early in the 17th century, before the invention of the telescope, Tycho Brahe 
found that planet Mars to be in a position differing by as much as 8’ from that required 
by the geocentric theory. When the telescope became available, astronomers learned 
that the apparent diameter of the sun varied during the year, indicating that the earth’s 
distance froin the sun varies, and that its orbit is not circular. 

Johannes Kepler, a German who had succeeded Brahe and who was attempting 
to account for his 8’ discrepancy, published in 1609 two of astronomy’s most impcrtant 
doctrines, the law ef equal areas, and the law of elliptical orbits. Nine years later he 
announced his third law, relating the periods of revolution of any two plancts to their 
respe. ‘ive distances from the sun (art. 1407). 

ixepler’s discoveries provided a mathematical basis by which more accurate 
tables of astronomical data were computed for the maritime explorers of the age. His 
reatization thet the sun is the controlling power of the syste: and that the orbital 
planes of the planets pass through its center almost led him to the discovery of the law 
of gravitation. 

Sir Isaac Newton rec .zed Kepler's conclusions to the universal law of gravitation 
(art. 1407) when he published his three laws of motions in 1687. Because the planets 
exert forces one upon the other, their orbits do not agree exactly with Kepler’s laws. 
Newton’s work compensated for this and, as a result, the astronomer was able to fore- 
cast with greater accuracy the positions of the celestial bodies. The navigator benefited 
through more exact tables of astronomical data. 

Between the years 1764 and 1784, the Frenchmen Lagrange and Lapiace con- 
clusively proved the solar system’s mechanical stability. Early in the 19th century, 
Nathaniel Bowditch translated and commented upon Laplace’s Afécanique Céleste, 
bringing it up-to-date. Prior to their work this stability had been questioned duc to 
apparent inconsistencies in the motions of some of the planets. After their demon- 
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strations, men were convinced and could turn to other important work necessarv to 
refine and improve the navigator’s almanac. 


But there were real, as well as apparent, irregularities of motion which sala not 





' | 
be explained by the law of gravitetion alone. By this law the planets describe ellipses | . "= 
about the sun, and these orbits are repeated indefinitely, except as the other planets : ~ = 
influence the orbits of each by their own gravitational pull, Urbain Leverrisr, one- - = 
time Director of the Paris Observatory, found that the line of apsides of Mercury was; 2 
advancing 43” per century faster than it should, according to the law of gravitation = 
and the positions of other known planets. In an attempt to compensate for the resulting | 3 
errors in the predicted positions of the planet, he suggested that there must be a mass of - = 
circulating matter between the sun and Mercury. No such circulating matter has been zz 
found, however, and Leveirier’s discovery is attributed to a shortcoming of Newten’s = 
law, as explained by Albert Einstein. . 2 

. In Einstein’s hands, Leverrier’s 43” became a fact as powerful as Brahe’s 8’ had: - | 
been in the hands of Kepler. Early in the 20th century, Einstein announced the general _ = 

theory of relativity. He stated that for the planets to revolve about the sun is natural, + g 

and gravitational force is unnecessary for this, and he asserted that there need be no | a 

circulating matter to account for the motion of the perihelion of Mercury as this, too, 3 

is in the natural order of things. Calculated from his theory, the correction to the 3 

previcusly computed motion of the perihelion in 100 years is 4279. 3 

; Prior to Einstein’s work, other discoveries had helped round out man’s knowledge = 


of the universe. 


Aberration (art. 1417), discovered by James Bradley about 1726, accounted for 
the apparent shifting of the stars throughout the year, due to the combined ozbital 
speed of the earth and the speed of light. Twenty years later Bradley described the 
periodic wobbling of the earth’s axis, called nutation (art. 1417), end its effect upon 
precession of the equinoxes. 

Meanwhile, in 1718 Edmond Halley, England’s second Astronomer Royal, de- = Oe 
tected . motion of the stars, other than that caused by precession, that led hiin to ae 
conclude that they, too, were moving. By studying the works of the Alexandrian oe 
asirononiers, he found that some of the most prominent stars had changed their posi- |. 
tions by as much as 32’. Jacques Cassini gave Halley’s discovery further support when = F*- 
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he found, a few years later, that the declination of Arcturus had changed 5’ in the 100 ; 3 
years since Brahe made his observations. This proper motion (art. 1414) is motion in =F OC 3 


addition to that caused by precession, nutation, and aberration. / = 
Sir William Herschel, the greai astrons.ner whe discovered the planet Urarus in aie 
1781, proved that the solar system is moving toward the constellation Hereules. As 
early as 1828 Herschel advocated the establishment of a standard time system. Nep- 
tune was discovered in 1846 after its position had been predicted by the Frenciunan 
Urbain Leverrier. Based upon the work of Percival Lowell, an American, Pluto was 
identified in 1930. Uranus, Neptune, and Pluto are of little concern to the navigator. 
/ A more recent discovery may well have greater navigational significance. This 
pa Ne is the existence of sources of electromagnetic energy in the sky in the form of radio 
stars (art. 1414). The sun has been found to transmit energy of radio frequency. and 
instruments have been built which are capable of tracking it across the sky regardless 
of weather conditions. 
£ 124. Sextant.—Prior to the development of the magnetic compass, the navigator 
used the heavenly bodies chiefly as guides by which to steer. The compass, he wever, 
led to more frequent lorg voyages on the open sea, and the need for a vertical-angle 


measuring device which could be used for determining altitude, so that latitude could 
de found. 
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Probably the first such device used at sea was the common quadrant, the simplest 
form of ail such instruments. Made of wood, it was a fourth part of a circle, held vertical 
by means of a plumb bob. An observation made with this instrument at sea was a 
two- or three-man job. This device was probably used ashore for centuries before it 
went to sea, although its earliest use by the mariner is unknown. 

Invented perhaps by Apollonius of Perga in the third century BC, the astrolabe 
(fig. 124a)—from the Greek for star and to take—had been made portable by the Arabs 
p asibly as early as AD 700. It was in the hands of Christian pilots by the end of the 
13th century, often as an elaborate and beautiful creation wrought of precious metals. 
Some astrolabes could be used as star finders (art. 2210) by fitting an engraved plate 
to one side. Large astrolabes were among the chief instruments of 15th and 16th century 
observatories, but the value of this instrument at sea was limited. 

The principle of the astrolabe was similar to that of the common quadrant, but 
the astrolabe consisted of a metal disk, graduated in degrees, to which a movable sight 
vane Was attached. In using the astrolabe, which may be likened to a pelorus held on 
its side, the navigator adjusted the sight vane until it was in line with the star, and 


Courtery of the John Carter Brown Library, Broun University 


Fiaure 124a.—An ancient astrolabe, one of the earliest kinds of altitude- 
measuring ‘p.truments. 
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then read the zenith distance from the scale. As with the common quadrant, the vertical 
was established by plumb bob. 

Three men were needed to make an observation with the astrolabe (one held the 
instrument by a ring at its top, another aligned the sight vane with the body, a third 
made the reading) and even then the least rolling or pitching of a vessel caused large 
acceleration errors in observations. Therefore, navigators were forced to abandon the 
plumb bob and make the horizon their reference. 

The cross-s‘ -ff (fig. 124b) was the first instrument which utilized the visible 
horizon in making celestial observations. The instrument consisted of a long, wooden 
shaft upon which one of several cross-pieces was mounted perpendicularly. The cross- 
pieces were of various lengths, the one being used depending upon the angle to be meas- 
ured. The navigator fitted the appropriate cross-piece on the shaft and, holding one 
end of the shaft beside his eve, adjusted the cross until its lower end was in line with 
the horizon and its upper end with the body. The shaft was calibrated to indicate the 
altitude of the body observed. 

In using the cross-staff, the navigator was forced to look at the horizon and the 
celestial body at the same time. In 1590 John Davis, author of The Seaman’s Secrets, 
invented the backstaff (fig. 124c) or sea quadrant. He was one of the few practical 
seamen (Davis Strait is named for him, in honor of his attempt to find the Northwest 
Passage) t) invent a navigational device. The backstaff marked a long advance and 
was particularly popular among American colonial navigators. 

In using this instrument, the navigator turned his back to the sun and aligned its 
shadow with the horizon. The backstaff had two arcs, and the sum of the values shown 
on each was the zenith distance of the sun. Later, this instrument was fitted with a 
mirror to permit observations of bodies other than the sun. 

Another instrument developed about the same time was the nocturnal (fig. 124d). 
Its purpose was to provide the mariner with the appropriate correction to be made to 
the altitude of Polaris to determine latitude. By sighting on Polaris through the hole 





Courtesy of Peubody Museum of Salem. 


Figure 124b.—The cross-staff, the first instrument to utilize the visible horizon in making celestial 
observations. 
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in the center of the instrument and adjusting the movable arm so that it pcinted at 
Kochab, the navigator could read the correction from the instrument. Most nocturnals 
had an additional outer disk graduated for the months and days of the vear and by 
adjusting this the navigator could also determine solar time. 

Tycho Brahe designed several instruments with ares of 60°, having one fixed 
sight and another movable one. He called the instruments sextants and the name is 
now commonly applied to all altitude-measuring devices used by the navigator (ch. 


Courtesy of Peabody Mfuseum of Sclem, 


Ficurr 124c.—The backstaff, or sea quadrant, a favorite in- 
strument of American colonial navigators, 


British Crown copyright Science Museum. London, England. 


Figure 124d.—The nocturnal, an instrument used to deter- 
mine latitude by an observation of Polaris. 
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XV). In 1700 Sir Isaac Newton sent to Edmond Halley, the Astronomer Royal, a 
description of a device having double-reflecting mirrors, the principie of the modern 
marine sextant. However, this was not made public until after somewhat similar in- 
struments had been made in 1730 by the Englishman John Hadley, and the American 
Thomas Godfrey. 

Ths original instrument constructed by Hadley was, in fact, an octant, but due to 
the double-reflection principle it measured angles up to one-fourth of a circle, or 90°. 
Godfrey’s instrument is reported to have been a quadrant, and so could measure angles 
through 180°. The two men received equal awards from England’s Royal Society, as 
their work was considered to be a case of simultaneous independent invention, although 
Hadley probably preceded Godfrey by a few months in the actual ccnstruction of his 
sextant. 

In the next few years both instruments were successfully tested at sea, but 20 years 
or more passed before the navigator gave up his backstaff or sea quadrant for the 
new device. In 1733 Hadley attached « -pirit level to 8 quadrant, and with it was 
. ; able to measure altitudes without reference to the horizon. Some years later the first 
’ bubble sextant (art. 1513) was developed. 

Pierre Vernier, in 1631, had attached to the limb of a quadrant a second, smaller 
graduated arc, thereby permitting angles to be measured more accurately, and this 
device was incorporated in all later angle-measuring instruments. 

The sextant has remained practically unchanged since its invention more than two 
centuries ago. The only notable improvements have been the addition of an endless 

srs tangent screw and a micrometer drum, both having been added during the 20th century. 
i 125. Determining latitude.~The ability to determine longitude at sea is com- 
‘ paratively modern, but latitude has been available for thousands of years. 

Meridian transit of the sun. Long before the Christian era, astronomers had 
determine.’ the sun’s declination for each day of the year, and prepared tables listing 
the data. This was a comparatively simple matter, for the zenith distance obtained 
by use of a shadow cast by the sun on the day of the winter solstice could be sub- 
tracted from that obtained on the day of the summer solstice to determine the range 
of the sun’s declination, about 47°. Half of this is the sun’s maximum declination, 
which could then be applied to the zenith distance recorded on either day to determine 
the latitude of the place. Daily observations thereafter enabled the ancient astronomers 
to construct reasonably accurate declination tables. 

Such tables were available long before the average navigator was ready to use 
them, but certainly by the 15th century experienced seamen were determining their 
latitude at sea to within one or two degrees. In his 1594 The Seaman’s Secrets, Davis 
made use of his experience in high iatitudes to explain the method of determining 
latitude by lower transit observations of the sun. 

Ex-meridian observation of the sun. The possibility of overcast skies at the one 
ti: 2 each day when the navigator could get a reliable observation for latitude led to 
the development of the “ex-meridian” sight. Another method, involving two sights 
taken with a considerable time interval between, had previously been known, but the 
mathematics were so involved that it is doubtful that many seamen made use of it. 

There are two methods by which ex-meridian observations can be solved. The 
direct process was the more accurate, although it required a trigonometrical solution. 
By the latter part of the 19th century, tables were introduced which made the method 
of reduction to the meridian more practical and, when occasion demands such an 
observation, this is the method generally used today. However, with the development 
of line of position methods and the modern inspection table, ex-meridian observations 
have lost much of their popularity. 
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Latitude by Polaris. First use of the Pole Star to determine latitude is not known, 
but many centuries ago seamen who used it as a guide by which to steer were known to 
comment upon its change of altitude as they sailed north or south. 

By Columbus’ time some navigators were using Polaris to determine latitude, and 
with the invention of the nocturnal late in the 16th century, providing corrections to | 
the observed altitude, the method came into more general use. The development of the 
chronometer in the 18th century permitted exact corrections, and this made determi- i 
nation of latitude by Polaris a common practice. Even today, more than a century 
after discovery of the celestial line of position, the method is stiil in use. The modern 
inspection table has climinated the need for meridian observations as a special method 
for determining latitude. Perhaps when the almanacs and sight reduction tables make : 
the same provision for solution of Polaris sights as they do for any other navigational , 
star, this last of the special methods will cease to be used for general navigation. But 
customs die slowly, and one as well established as that of position finding in terms of 
separate latitude and longitude observations—instead of lines of position—is not likely 
to disappear completely for many years to come. 

126. The search for a method of “discovering” longitude at sea.—A statement 
once quite common was, “The navigator always knows his latitude.’”’ A more accurate 
statement would have been, “The navigator never knows his longitude.’ In 1594 
Davis wrote: ‘Now there be some that are very inquisitive to have a way co get the 
longitude, but that is too tedious for seamen, since it requireth the deep kaowledge of 
astronomy, wherefore I would not have any man think that the longitude 1s to be found 
at sea by any instrument, so let no seamen trouble themselves with any such rule, but 
let them keep a perfect account and reckoning of the way of their ship.” In speaking 
of conditions of his day, he was correct, for it was not until the 19th century that the s. 
average navigator was able to determine his longitude with accuracy. : 

Parallel sailing. Without knowledge of his longitude, the navigator of old found 
it necessary on an ocean crossing to sail northward or southward to the latitude of his 
destination, and then to follow that parallel of latitude until the destination was 
reached, even though this might take him far out of bis way. Because of this practice, 
parallel sailing was an important part of the navigator’s store of knowledge. The 
method was a crude one, however, and the time of landfall was often in error by a ay See 
matter of days, and, in extreme cases, even weeks. 

Eclipses. Almost as early as the rotation of the earth was established, astronomers 
recognized that longitude could be determined by comparing local time with that at 
the reference meridian. The problem was the determination of time at the reference j 
meridian. 

One of the first methods proposed was that of observing the disappearance of l, 
Jupiter’s satellites as they were eclipsed by their planet. This method, originally | 
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proposed by Galileo for use on land, required the ability to observe and identify the 

satellites by using a powerful telescope, knowledge of the times at which the eclipses 

would take place, and the skill to keep the instrument directed at the bodies while 

ahoard a small vessel on the high seas. Although used in isolated cases for many years, 

the method was not satisfactory at sea, due largely to the difficulty of observation 

(some authorities recommended use of a telescope as long as 18 or 19 feet) and the 

lack of sufficiently accurate predictions. t 
Variation of the compass was seriously considered as a method of determining 

longitude for 200 years or more. Faleiro, Magellan’s advisor, believed it could be so 

utilized, and, until development of the chronometer, work was carried on to perfect 

the theory. Although there is no simple relationship between variation and longitude, 

those who advocated the method felt certain that research and investigation would a 
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eventually provide the answer. Many others were convinced that such a solution 
did not exist. In 1676, Henry Bond published The Longitude Found, in whivh he stated 
that the latitude of a place and its variation could be referred to the prime meridian to 
determine longitude. Two years later Peter Blackborrow rebutted with Zhe Longitude 
Not Found. 

Variation was put to good use in determining the nearness to land by shipmasters 
familiar with the waters they plied, but as the solution to the longitude problem it was 
@ failure, and with the improvement of lunar distance methods and the invention of 
the chronometer, interest in the method waned. If it had been possible to provide the 
mariner with an accurate chart of variation, and to keep it up-to-date, a means of 
establishing an approximate line of position in areas where the gradient is iarge would 
have resulted; in many cases this would have established longitude if latitude were 
known. 

Lunar distances. The first method widely used ai sea to determine longitude 
with some accuracy was that of lunar distances (art. 131), by which the navigator 
determined GMT by noting the position of the relatively fast-moving moon among 
the stars. Both Regiomontanus, in 1472, and John Werner, in 1514, have been credited 
with being the first to propose the use of the lunar distance method. At least one source 
states that Amerigo Vespucci, in 1497, determined longitude using the moon’s position 
relative to that of another body. One of the principal reasons for establishing the Royal 
Observatory at Greenwich was to conduct the observations necessary to provide more 
accurate predictions of the future positions of the moon. Astronomers, including the 
Astronomers Royal, favored this method, and half a century after the invention of the 
chronometer it was still being perfected. In 1802 Nathaniel Bowditch simplified the 
method and its explanation, thus eliminating much of the mystery surrounding it and 
making it understandable to the average mariner. By using Bowditch’s methed, the 
navigator was able to head more or less directly toward his destination, rather than 
travel the many additional miles often required in “running down the latitude” and then 
using parallel sailing. An explanation of the lunar distance method, and tables for 
its use, were carried in the American Practical Navigator until 1914. 

The Board of Longitude. The lunar distance method, using the data and equipment 
available early in the 18th century, was far from satisfactory. Ships, cargoes, and lives 
were lost because of inaccurately determined longitudes. During the Age of Discovery, 
Spain and Holland posted rewards for solution to the problem, but in vain. When 
2,000 men were lost as a squadron of British men-of-war ran aground on a foggy night 
in 1707, officers of the Royal Navy and Merchant Navy petitioned Parliament for 
action. As a result, the Board of Longitude was established in 1714, empowered to 
reward the person who could soive the problem of “discovering” longitude at sea. A 
voyage to the West Indies and back was to be the test of proposed methods which 
were deemed worthy. The discoverer of a system which could determine the longitude 
within 1° by the end of the voyage was to receive £10,000; within 40’, £15,000; and 
within 30’, £20,000. These would be handsome sums today. In the 18th century they 
were fortunes. 

127. Evolution of the chronometer.—Many and varied were the solutions proposed 
for finding lcngitude, and as the different methods were found unsatisfactory, it became 
increasingly apparent that the probiem was one of keeping the time of the prime merid- 
ian. But the development of a device that would keep accurate time during a long 
voyage seemed to most men to be beyond the realm of possibility. Astronomers were 
flatly opposed to the idea and felt that the problem was properly theirs. There is even 
some evidence to indicate that the astronomers of the Board of Longitude made unfair 
tests of chronometers submitted to them. 
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Christian Huygens (1629-95), a Dutch scientist and mathematician, made a 
number of contributions of great value in the field of astronomy, but his most memorable 
work, to the navigator, was his attempt at constructing a prefect timepiece. It was 
probably Galileo who first suggested using a pendulum in keeping time. Huygens 
realized that an error would result from the use of a simple pendulum, however, and he 
devised one in which the hob hung from a double cord that passed between two plates 
in such a way that it traced a cycloidai path. 

In 1660 Huygens built his first chronomete: “he instrument utilized his cycloidal 
pendulum, actuated by a spring. To compensat for rolling and pitching, Huygens 
mounted the clock in gimbals. Two years later the instrument was tested at sea, with 
promising results. The loss of tension in the pring as it ran down was the major weak- 
ness in this clock. Huygens compensated for this by attaching oppositely tapered 
cones and a chain to the spring. A 1665 sea test of the new timepiece showed greater 
accuracy, but still not enough for determination of longitude. In 1674 he constructed 
a chronometer with a special balance and long balance-spring. Although it was the 
best marine timepiece then known, Huygens’ last clock was also unsuited for use at sea 
due to the error caused by temperature changes. 

John Harrison was a carpenter’s son, born in Yorkshire in 1693. He followed his 
father’s trade during his youth, but soon became interested in the repair and construc- 
tion of clocks. At the age of 20 he completed his first timekeeper, a pendulum-type 
clock with wooden wheels and pinions. Harrison’s gridiron pendulum, one which 
maintained its length despite temperature changes, was designed about 1720, and con- 
tained alternate iron and brass rods to eliminate distortion. Until the time that metal 
alloys having small coefficients of temperature expansion were developed, Harrison’s 
invention was the type pendulum used by almost all clockmakers. 

By 1728 Harrison felt ready to take his pendulum, an escapement he had invented, 
and plans for his own marine timepiece before the Board of Longitude. In London, 
however, George Graham, a femous clockmaker, advised him to first construct the time- 
keeper. Harrison did, and in 1735 he submitted his No. 1 chronometer (fig. 127). The 
Board authorized a sea trial aboard HMS Centurion. The following year, that vessel 
sailed for Lisbon with Harrison’s clock on board, and upon her return, the error was 
found to be three minutes of longitude, a performance which astounded members of 
the Board. But the chronometer was awkward and heavy, being enclosed in glass 
and weighing some 65 pounds, and the Board voted to give Harrison only £500, to 
be used in producing a more practicai timepiece. 

During the next few years he constructed two other chronometers, which were 
stronger and less complicated, although there is no record of their being tested by the 
Board of Longitude. Harrison continued to devote his life to the construction of an 
accurate clock to be used in determining longitude, and finally, as he approached old 
age, he developed his No. 4. Again he went before the Board, and again a test 
was arranged. In November of 1761, HMS Deptford sailed for Jamaica with No. 4 
aboard, in the custody of Harrison’s son, William. On arrival, after a passage lasting 
two months, the watch was only nine seconds slow (2% minutes of longitude). In 
January of 1762 it was placed aboard HMS Merlin for the return voyage to England. 
When the Merlin anchored in English waters in April of that year, the total error shown 
by the chronometer was 1 minute, 54.5 seconds. This is equal to less than a half degree 
of longitude, or less than the minimum error prescribed by the Board for the largest 
prize. Harrison applied for the full £20,000, but the Board, led by the Astronomer 
Royal, allowed him only a fourth of that, and insisted on another test. 

William Harrison sailed again with No. 4 for Barbados in March of 1764, and 
throughout the almost four-months-long voyage the chronometer showed an error of 
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British Crown copyright. From the original in the National Maritime 
Museum, London, England. Reproduced by permission of the Admiralty. 


Figure 127.—Harrison’s No. 1 chronometer. The first of four time- 
keepers constructed by Harrison, zhis clock weighs 65 pounds. 


only 54 seconds, or 13.5 minutes of longitude. The astronomers of the Board reluc- 
tantly joined in a unanimous declaration that Harrison’s timepiece had exceeded all 
expectations, but they still would not pay him the full reward. An additional £5,000 
were paid on the condition that plans be submitted for the construction of similar 
chronometers. Even when this was done, the Board delayed payment further by 
having one of its members construct a timepiece from the plans. Not until 1773, 
Harrison’s 80th year, was the rest of the reward paid, and only then because of inter- 
vention by the king himself. 

Pierre LeRoy, a great French clockmaker, constructed a chronometer in 1766 
which has since been the basis for all such instruments. LeRoy’s several inventions 
made his chronometer a timepiece which has been described as a “masterpiece of 
simplicity, combined with efficiency.” Others to contribute to the art of watchmaking 
included Ferdinand Berthoud of France and Thomas Mudge of England, each of 
whom developed new escapements. The balance wheel was improved by John Amold, 
who invented the escapement acting in one direction only, substantially that used 
today. Acting independently, Thomas Earnshaw invented a similar escapement. He 
built the first reliable chronomeier at a relatively low price. The chronometer the 
Board of Longitude had made from Harrison’s plans cost £450; Earnshaw’s cost £45. 

Timepieces designed to provide the navigator with information other than time 
were popular a century or more ago. One showed the times of high and low water, 
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the state of the tide at any time, and the phases of the moon; another gave the equation 
of time and the apparent motions of the stars and plants; a third offered the position 
of the sun and both mean and sidereal times. But the chronometers produced by 
LeRoy end Earnshaw were the ones of greatest value to the navigator; they gave him 
a simple and reliable method of determining his longitude. 

Time signals, which permit the mariner at sea to check the error in his chronom- 
eter, are essentially a 20th century development. Telegraphic time signals were inau- 
gurated in the United States at the end of the Civil War, and enabled ships to check 
their chronometers in port by time ball signals. Previously, the Navy’s “standard” 
chronometer had been carried from port to port to allow such comparison. In their 
most advanced form, time balls were dropped by telegraphic action. In 1904 the first 
official ‘‘wireless” transmission of time signals began from a naval station at Navesink, 
N.J. These were low-power signals which could be heard for a distance of about 50 
miles. Five years later the range had been doubled, and, as other nations began sending 
time signals, the navigator was soon able to check his chronometer around the world. 

The search for longitude was ended. 

128. Establishment of the prime meridian—Until the beginning of the 19th cen- 
tury, there was little uniformity among cartographers as to the meridian from which 
longitude was measured. The navigator was not particularly concerned, as he could 
not determine his longitude, anyway. 

Ptolemy, in the second century AD, had measured longitude eastward from a 
reference meridian two degrees west of the Canary Islands. In 1493 Pope Alexander VI 
drew a line in the Atlantic west of the Azores to divide the territories of Spain and 
Portugal, and for many years this meridian was used by chart makers of the two 
countries. In 1570 the Dutch cartographer Ortelius used the easternmost of the Cape 
Verde Islands. John Davis, in his 1594 The Seaman’s Secrets, said the Isle of Fez in the 
Canaries was used because there the variation was zero. Mariners naid little attention, 
however, and often reckoned their longitude from several differert capes and ports 
during a voyage, depending upon their last reliable fix. 

The meridian of London was used as early as 1676, and over the years its popu- 
larity grew as England’s maritime interests increased. The system vu: measuring longi- 
tude byth east and west through 180° may have first appeared in the middle of the 
18th century. Toward the end of that century, as the Greenwich Observavcry in- 
creased in prominence, English map makers began using the meridian of that observ- 
atory as a reference. The publication by the Observatory of the first British Nautical 
Almanac in 1767 further entrenched Greenwich as the prime meridian. A later and 
unsuccessful attempt was made in 1810 to establish Washington as the prime meridian 
for American navigators and cartographers. At an international conference held in 
Washington in 1884 the meridian of Greenwich was officially established, by the 25 
nations in attendance, as the prime meridian. Today ell maritime nations have desig- 
nated the Greenwich meridian the prime meridian, except in a few cases where local 
references are used for certain harbor charts. 

129. Astronomical observatories.—Thousands of years before the birth of Christ, 
crude observatories existed, and astronomers constructed primitive tables which were 
the forerunners of modern almanacs. The famous observatory at Alexandria, the first 
“true” observatory, was constructed in the third century BC, but the Egyptians, 
as well as the Babylonians and Chinese, had already studied the heavens for many 
centuries. The armillary sphere (fig. 129a) was the principsl instrument used by the 
early astronomers. It consisted of a skeleton sphere with several movable rings which 
could be adjusted to indicate the orbits of the various celestial bodies. One source 
attributes the invention of the armillary sphere to Eratosthenes in the third century 
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and @ form of astrolabe. The Alexandrian observatory was the seat of astronomical 
learning in the western world for several centuries, and there Hipparchus discovered 
the precession of the equinoxes, and Ptolemy did the work which Jed to his Almagest. 

Astronomical study did not cease entirely during the Dark Ages. The Arabians 
erected observatories at Baghdad and Damascus in the ninth century AD, and observ- 
atories in Cairo and northwestern Persia followed. The Moors brought the astronomical 
knowledge of the Arabs into Spain, and the Toledan Tables of 1080 resulted from an 
awakening of scientific interest that brought about the establishment of schools of 
astronomy at Cordova and Toledo in the tenth century. 

The great voyages of western discovery began early in the 15th century, and chief 
among those who recognized the need for greater precision in navigation was Prince 
Henry “The Navigator’ of Portugal. About 1420 he had an observatory constructed 
at Sagres, on the southern tip cf Portugal, so that more accurate information might 
be available to his captains. Henry’s hydrographic expeditions added to the geographi- 
cal knowledge of the mariner, and he was responsible for the simplification of many 
navigational instruments. 

The Sagres observatory was rudimentary, however, and not until 1472 was the 
first complete observetory built in Europe. In that year Bernard Walther, a wealthy 
astronomer, constructed the Nuremberg Observatory, and placed Regiomontanus in 
charge. Regiomontanus, born Johann Miiller, contributed a wealth of astronomical 
data of the greatest importance to the navigator. 

The observatory at Cassel, built in 1561, had a revolving dome and an instrument 
capable of measuring altitude and azimuth at the same time. Tycho Brahe’s Urani- 
burgum Observatory, located on the Danish island Hveen, was opened in 1576, and 
the results of his observations contributed greatly to the navigator’s knowledge. Prior 
to the discovery of the telescope, the astronomer could increase the accuracy of his 
observations only by using larger instruments. Brahe used a quadrant with a radius of 
19 feet, with which he could measure altitudes to 0/6, an unprecedented degree of 
precision at that time. He also had an instrument with which he could determine altitude 
and azimuth simultaneously (fig. 129b). After Brahe, Kepler made use of the observatory 
and his predecessor’s records in determining the laws which bear his name. 

The telescope, the modern astronomer’s most important tool, was invented by Hans 
Lippershey about 1608. Galileo heard of Lippershey’s invention, and soon improved 
upon it. In 1610 he discovered the four great moons of Jupiter, which led to the “longi- 
tude by eclipse” method successfully used ashore for many years and experimented with 
at sea. With the 32-power telescope he eventually built, Galileo was able to observe 
clearly the motions of sun spots, by which he proved that the sun rotates on its exis. 
In Paris, in 1671, the French National Observatory was established. 

Greenwich Royal Observatory. England had no early privately supported observa- 
tories such as those on the continent. The need for navigational advancement was 
ignored by Henry VIII and Elizabeth I, but in 1675 Charles II, at the urging of John 
Flamsteed, Jonas Moore, Le Sieur de Saint-Pierre, and Christopher Wren, established 
the Greenwich Royal Observatory. Charles limited construction costs to £500, and ap- 
pointed Flamsteed the first Astronomer Reval, at an annual salery of £100. The equip- 
ment available in the early years of the observatory consisted of two clocks, a “sextant” 
of seven-foot radius, a quadrant of three-foot radius, two telescopes, and the star 
catalog published almost a century before by Tycho Brahe. Thirteen years passed before 
Fles..steed had an instrument with which he could deterniins his latitude accurately. 
Tn 1690 a transit instrument equipped with a telescope and vernier was invented by 
Romer, and he later added a vertical circle te the device. This enabled the astronomer to 


BC; another says the Chinese knew it 2,000 years earlier, as well as the water clock 
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Courtesy of the Map Ditision of the Library of Congress. 


Fieure 129a.—An armillary sphere, one of the most important instruments 
of the ancient astronomers. 


determine declination and right ascension at the same time. One of these instruments was 
added to the equipment at Greenwich in 1721, replacing the huge quadrant previously 
used. The development and perfection of the chronometer in the next hundred years 
added further to the accuracy of observations. 

Other national observatories were constructed in the years that followed; at 
Berlin in 1705, St. Petersburg in 1725, Palermo in 1790, Cape of Good Hope in 1820, 
Parramatta in New South Wales in 1822, and Sydney in 1855. 

U.S. Naval Observatory. The first observatory in the United States is said to 
have been built in 1831-1832 at Chapel Hill, N.C. The Depot of Charts and Instru- 
ments, esvablished in 1830, was the agency from which the U.S. Navy Hydrographic 
Office and the Naval Observatory evolved 36 years later. Under Lieutenant Charles 
Wilkes, the second Officer-in-Charge, the Depot about 1835 installed a smail transit 
instrument for rating chronometers. The Mallory Act of 1842 provided for the estab- 
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Courtesy of the Map Iiitision of the Library of Congress. 


Figure 129b.—A reproduction of Brahe’s pelorus. This in- 
strument was used to determine altitude and azimuth 
simultanceusly. 


ishment of a permanent observatory, and the director was authorized to purchase 
all such supplies as were necessary to continue astronomical study. The observatory 
was completed in 1844 and the results of its first observations were published two 
years later. Congress established the Naval Observatory as a separate agency in 1866. 
In 1873 a refracting telescope with a 26-inch aperture, then the world’s largest, was 
instalied. The observatory, located at Washington, D.C., has occupied its present 
site since 1893. 

The Mount Wilson Observatory of the Carnegie Institution of Washington was 
built in 1904-05. The observatory’s 100-inch reflector telescope opened wider the 
view of the heavens, and enabled astronomers to study the movements of celestial 
bodies with greater accuracy than ever before. But a still finer tool was needed, and 
in 1934 the 200-inch reflector for the Palomar Mountain Observatory was cast. The 
six-million-dollar observatory was built by the Rockefeller General Education Board 
for the California Institute of Technology, which tlso operates the Mount Wilson Ob- 
servatory. The 200-inch telescope makes it possible to see individual stars 20,000,000 
light-years away and galaxies at least 1,600,000.000 light-years away. 

As with earlier instruments, the telescope has about reached the limit of practical 
size. Present efforts are being directed ivward application of the electron microscope 
to the telescope, to increase the range of present instruments. 
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130. Almanacs.—From the beginning, astronomers have undoubtedly recorded 
the results of their observations Tables computed from such results have been known 
for centuries. The work of Hipparchus, in the second century BC, and Ptolemy, in 
his famous Almagest, are examples. Then the Toieden Tables appeared in AD 1080, 
and the Alfonsine Tables in 1252. Even with these later tables, however, few copies 
were made, for printing had not yet been invented, and those that were available 
were kept in the hands of astronomers. Not until the 15th century were the first al- 
manacs printed and made avsilable to the navigator. In Vienna, in 1457, George 
Purbach issued the first almanac. Fifteen years later the Nuremberg Observatory, 
under Regiomontanus, issued the first of the ephemerides it published until 1506. 
These tables gave the great maritime explorers of the age the most accurate information 
available. In 1474 Abraham Zacuto introduced his Almanach Perpetuum (fig. 1308) 
which contained tables of the sun’s declination in the most usef::1 form yet available 
to the mariner. Tabulae Prutenicae, the first tables to be calculated on Copernican 
principles, were published by Erasmus Reinhold in 1551 and gave the mariner a clearer 
picture of celestial movements than anything previously available. The work of Brahe 
and Kepler at the Uraniburgum Observatory provided the basis for the publication 
of the Rudolphine Tables in 1627. 

Still, the information conteined in these books was intended primarily for the use 
of the astronomer, and the navigator carried the various tables only that he might 
make use of the portions applicable to his work. The first official almanac, Con- 
nuissance des Temps, was issued by the French National Observatory in 1696. The 
French Observatory rose to its greatest prominence during the 20 years that Urbain 
Leverrier held the position of director. 

In 1767 the British Nautical Almanac was first published. Nevil Maskelyne 
was then Astronomer Royal, and he provided the navigator with the best information 
available. The book contained tables of the sun’s declination, and corrections to the 
observed altitude of Polaris. The moon’s position relative to other celestial bodies 
was included at 12-hour intervals, and !unar distance tables gave the angular distance 
between the moon and certain other bodies at three-hour intervals. 

For almost a hundred years the British Nautical Almanac was the one used by 
American ravigators, but in 1852 the Depot of Charts and Instruments published the 
first American Ephemeris and Nautical Almanac, for the year 1855. 

Early American almanacs were distinguished by their excessive detail in some 
cases and shortage of date of importance to the navigator in others. Declination 
was given to the nearest 071 and the equation of time to the nearest 0°01. Most 
figures were given only for noon at Greenwich, and a tedious interpolation was involved 
in converting the information to that af a given time at the longitude of the observer. 
Lunar distances were given at three-hour intervals. Few star data were listed (fig. 
130b). : 

Since 1858 the American Nautical Almanac has been printed without the ephemeris 
section, that part of value chiefly to astronomers. Until 1908 the positions of the 
brighter stars were given only for January Ist, and in relation to the meridian of 
Washington. Beginning in that year, the apparent places of 55 major stars were given 
for the first of each month. In 1912, the tables of lunar distances were omitted. Iu 
1919, sunrise and sunset tables were added. 

One of the greatest inconveniences involved in using the old almanacs was the 
astronomical day, which began at noon of the civil day of the same date. This system 
was abolished in 1925, and the United States adopted the expression “civil time” to 
designate time by the new system. Greenwich hour angle was first published for the 
moon in the Lunur Ephemeris for Aviators for the last four montks of 1929. This 
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Courtesy of the John Carter Brown Library, Brown Unitersity. 


Fictre 130a.—An excerpt from the Portuguese 
Regimento do estrolabio e do quadranie of about 
1509, giving the sun’s declination and other 
data based upon Zacuto’s calculations for vi 
month of March. The first day of epring, t..e 
lith a, the Julian calendar then in use, is 
marked by the symbol of Aries, the ram (‘T° 


publication became a supplement to the Nautical Almanac in 1931 and for 1932 the 
two were merged. 

The Air Almanac, designed by Captain P. V. H. Wee:-:s, USN (Ret.}, was published 
for 1933, giving Greenwich hour angle for all bodies inciuded. Foy 1954 this information 
was given in the Navtical Almanac, and the Air Al-:nanas was discontinued. The first 
British air almanac was publised for the last quocter of 1937, ond modified frr 1969 
with features followed closely in the first American Air Almanac, for 1941. In 1950 a 
revised Nautical Almanac appeared, patterned after the popul” > American Air Almanac. 
Starting with the 1953 edition, the British and American air ahnanacs were combined 
in a single publication. In that year the United States reverted to the expression 
“mean time” in place of “civil time.” In 1958, the British and American nautical 
almanacs were combined, and in 1960, the name was standardized. 

131. The navigational triangle.—It is custumary for modern navigators to reduce 
their celestial observations by solving the triangle whose points are the elevated pole, 
the celestial body, and the zenith of the observer. The sides of this triangle are the 
oolar distance of the body (codeclination), its zenith distance (coaltitude), and the polar 
distance of the zenith (colatitude ef the observer). 

Lunar distances. A spherical t.iangle was first used at sea in solving lunar distance 
problems. Simultaneous or nearly simultaneous observations were made of the altitudes 
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FIXED STARS, 1855. 


MEAN PLACES OF 100 PRINCIPAL FIXED STARS, FOR 
JANUARY 1, 1855 
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Fiaure 130b —Star data from. the 1855 Naviical Almanac. 
The annual corrections in declination and right ascension 
can be used to obtain reasonably correct values today. 


of the moon and the sun or a star near the ¢ tiptic, and the angular distance between 
the moon and the other body. The zenith of the observer and the two celestial bodies 
formed the vertices of the triangle, whose sides were the two coaltitudes and the angular 
distance between the bodies. By means of a mathematical calculation the navigator 
“cleared” this distance of the effects of refraction and parallax applicable ‘v each 
altitude, and other errors. The corrected value was then used as an argument for 
entering the almanac, which gave the truc lunar distance from the sun and several 
stars at three-hour intervals. 

Previously, the navigator had set his watch or checked its error and rate, which 
could be relied upon for short periods, with the local mean time determined by celestial 
cbservations. The local mean time of the watch, properly corrected, applied to the 
Greenwicn mean time obtained from the lunar distance observation, gave the longitude. 

The mathematics involved was tedious, and few mariners were capable of solving 
the triangle until Nathaniel Bowditch published his simplified method in 1802 in The 
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ATan simerican Practical Navigator. Chronometers were reliable by that time, but their 

1 cost prevented their general use aboard the majority of naval and merchant ships. 
Using Bowditch’s method, however, most navigators, for the first time, could determine 
their longitude, and so eliminate the need for parallel sailing and the lost time associ- 
ated with it. The popularity of the lunar distance method is indicated by the fact 
that tables for its solution wers carried in the American Nautical Almanac until the 
second decade of the 20th century. 

‘The determination of latitude was considered a separate problem, usually solved 
by means of a meridian altitude or an observation of Poiaris. 

“he time sight. The theory of the time sighi (art. 2106) had been known to 
matnematicians since the dawn of spherical trigonometry, but not until the chronometer 
was developed could it be used by mariners. 

The time sight made use of the modern navigational triangle. The codeclination, 
or polar distance, of the body could be determined from the almanac. The zenith 
distance (coaltitude) was determined by observation. If the colatitude were known, 
three sides of the triangle were available. From these the meridian angle was com- 
puted. The comparison of this with the Greenwich hour angle from the almanac 
yielded the longitude. 

The time sight was mathematically sound, but the navigator was not always 
aware that the longitude determined was oniy as accurate as the latitude, and together 
chey merely formed a point on what is known today as a line of position. If the ob- 
served body was on the prime vertical, the line of position ran north and south and a 
small error in latitude generally had little effect on the longitude. But when the body 
was close to the meridian, a small ecror in latitude produced a large error in longitude. 

The line of position by celestial observation (art. 1703) was unknown until dis- 
covered in 1837 by 30-year-old Captain Thomas H. Sumner, a Harvard graduate and 
son of a United States Congressman from Massachusetts. The discovery of the “Sumner 
line,” as it is sometimes called, was considered by Maury “the commencement of 
a new era in practical navigation.” In Sumner’s own words, the discovery took place 
in this manner. 

“Having sailed from Charleston, S.C., 25th November, 1837, bound to Grevaock, 
a series of heavy gales from the Westward promised a quick passage; after passing the 
Azores, the wind prevailed from the Southward, with thick weather; after passiug 
Longitude 21° W., no observation was had "until near the land; but soundings were had 
not far, as was suppos: d, from the edge of .e Bank. The weather was now more boister- 
ous, and very thick; and the wind still Southerly; arriving about midnight, 17th Decem- 
ber, within 40 miles, by dead reckoning, of Tusker light; the wind hauled S.E., true, 
making the Irish coast a lee shore; the ship was then kept close co the wind, and several 
tacks made to preserve her position as nearly as possible until daylight; when nothing 
being in sight, she was kept on E.N.E. under short sail, with heavy gales; at about 10 
A.M. an altitude of the sun was observed, and the Chronometer time noted; but, having 
run so far without any observation, it was plain the Latitude by dead reckoning was 
liable to error, and could not be entirely relied on. 

“Using, however, this Latitude, in finding the Longitude by Chronometer, it was 
found to put the ship 15’ of Longitude, E. from her position by dead reckoning; which in 
Latitude 52° N. is 9 nautical miles; this seemed to agree tolerably well with the dead 
reckoning; but feeling doubtful of the Latitude, the observation was tried with a 
Latitude 10’ further N., finding this placed the ship E.N.E. 27 nautica! iniles, of the 
former position, it was tried again with a Latitude 20’ N. of the dead reckoning; this 
also placed the ship still further E.N.E., and still 27 nautical miles further; these three 
positions were then seen to lie in the direction of Small’s light. It then at once appeared 
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that the observed altitude must have happened at all the three points, and at Simall’s 
light, and at the ship, at the same instant of time; and it followed, that Smali’s light must 
beer E.N.E., if the Chronometer was right. Having been convinced of this truth, the 
ship was kept on her course, E.N.E., the wind being still S.E., and in less than an hour, 
Small’s light was raade bearing E.N.E. 3 E., and close aboard.” 

In 1848 Sumner published his book, A New and Accurate Method of Finding a 
Ship’s Position at Sea by Projection on Mercator's Chart, which met with great acclaim. 
In it he proposed that a single time sight be solved twice, as he had done (fig. 181), 
using latitudes somewhat greater and somewhat less than that arrived at by dead 
reckoning, and joining the two positions obtained to form the line of position. It is 
significant that Sumner was able tc introduce this revolutionary principle without seri- 
ously upsetting the method by which mariners had been navigating for years. Perhaps 
he realized that a better method could be derived, but almost certainly navigators 
would not have accepted the line of positivii so readily had he recommended that they 
abandon altogether the familiar time sight. 

The Sumner method required the solution of two time sights to obtain each line 
of position. Many older navigators preferred not to draw the lines on their cherts, 
but to fix their posiion mathematically by a method which Sumner had also devised 
and included in his book. This was a tedious procedure, but a popular one. Lecky 
recommended the method, and it was still in use early in the 20th century. 

The alternative to working two time sights in the Sumner method was to determine 
the azimuth of the body and to draw a line perpendicular to it through the point 
obtained by working a single time sight. Several decades after the appearance of 
Sumner’s book, this method was made available t: navigators through the publication 
of accurate azimuth tables, and the system was widely used until comparatively recent 
times. The 1943 edition of the American Practical Navigator included examples of its 
use. The two-minute azimuth tables still found on many ships were designed principally 
for this purpose. The mathematical solution for azimuth was not at first a part of the 
time sight. 

132. Modern methods of celestial navigation—Sumner gave the mariner the 
line of position; St.-Hilaire the altitude difference or intercept method. Others who 
followed these men applied their principles to provide the navigator with rapid means 
for determining his position. The new navigational methods developed by these men, 
although based upon work done earlier, are largely a product cf the 20th century. 

Four hundred years ago Pedro Nunes used a globe to obtain a fix by two altitudes 
of the sun, and the azimuth ang'es. Fifty years later Robert Hues determined his 
latitude on a globe by using two observations and the time interval between them. 
G. W. Littlehales, of the U.S. Navy Hydrographic Office, advocated using a stereo- 
graphic projection to obtain computed altitude and azimuth in his Altitude, Azimuth, 
and Geographical Position, published in 1906. 

Various graphic and mechanical methods have also been proposed. Of these, 
only one, the Star Altitude Curves of Captain P. V. H. Weems, USN (Ret.), has had 
wide usage, almost entirely among aviators. During World War II, some aircraft 
were fitted with a device called an “astrograph,” which projected star altitude curves 
from film upon a special plotting sheet. The curves could be moved to allow for the 
earth’s rotation. When they were properly oriented, part of the line of position could 
ke traced on. the plotting sheet. More generally, however, the navigational triangle 
has been solved mathematically or by the use of tables. 

Spherical trigonometry is the basis for soiving every navigaiional iiangle, and 
until about 80 years ago the navigator had no choice but to completely solve each 
triangle himself. The cosine formula is a fundamental spherical trigonometry formula 
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POSITIONS OBTAINED FROM 
THE THREE ASSUMED LATITUDES 


Figure 131.—The first celestial line of position. obtained by Captein Thomas Sumner in 1837. 


by which the navigational triangle can be conveniently solved. This formula was 
commonly used in lunar distance solutions when they were first introduced, but, 
because ambiguous results are obtained when the azimuth is close to 90° or 270°, 
mathematicians turned to the haversine, which has the advantage of increasing 
numerically from 0° to 180°. The cosine-haversine formula (art. 2109) was used 
by navigators until recent years. 

Toward the end of the 19th century the “short” m_-thods began to appear. About 
1875, A. C. Johnson of the British Royal Navy published his book On Finding the 
Latitude and Longitude in Cloudy Weather. No plotting was involved in Johnson’s 
method, but he made use of the principle that a single time sight be worked, rather 
than the two that Sumner proposed, and the line of position drawn through the point 
thus determined. 

In 1879 Percy L. H. Davis, of the British Nautical Almanac Office, and Captain 
J. E. Davis collaborated on a Sun’s True Bearing or Azimuth Table, which enabled the 
navigator to lay down a line of position using a computed azimuth. Chronometer 
Tables, published by Percy Davis 20 years later, covered latitudes up to 50° and gave 
local hour angle values for selected altitudes to one minute of arc. In 1905 his Requisite 
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Tables were issued, enabling the mariner to “solve spherical triangles with three variable 
errors.” 

’ These were the first, of a large number of “short’’ solutions which followed the 
work of Marcq St.-Hilaire. Generally, they consist of adaptations of the formulas of 
spherical trigonometry, and tables of logarithms in a convenient arrangement. It is 
customary for such methods to divide the navigational! triangle into two right spherical 
triangles by dropping a perpendicular from one vertex to the side opposite. In some 
methods, pariial solutions are made and the results tabulated. Aquino and Braga of 
Brazil; Ball, Comrie, Davis, and Smart of England; Bertin, Hugon, and Souillagouet 
of France; Fuss of Germany; Ogura and Yonemura of Japan; Blackburne of New 
Zealand; Pinto of Portugal; Garcia of Spain; and Ageton, Driesonstok, Gingrich, Rust, 
and Weems of the United Staies are but a few of those providing such solutions. Al- 
though ‘inspection tables” have largely superseded them, many of these “short” 
methods are still in use, kept alive largely by the compactness of their tables and the 
universality of their application. They are an intermediate step between the tedious 
eurlie: solutions and the fast tabulated ones, and they encouraged the navigator to 
work to a practical precision. The earlier custom of working to a precision not justified 
by the accuracy of the information used created a false sense of security in the mind 
of some navigators, especially those of little experience. 

A book of tabulated solutions, from which an answer can be extracted by inspection, 
is not a new idea. Lord Kelvin, generally considered the father of modorn navigational 
methods, expressed interest in such a method. However, solution of the many thousands 
of triangles involved would have made the project too costly if done by hand. Electronic 
computers have provided a practical means of preparing tables. In 1936 the first pub- 
lished volume of Pub. No. 214 was made available, and later Pub. No. 249 was provided 
for air navigators. British Admiralty editions of both these sets of tables have been 
published. Editions of Pub. No. 214 have also been published by the Instituto Hidro- 
graphico de la Marina, Cadiz, Spain, and by the Istituto Idrografico della Marine, 
Genova, Italy. 

Electronics and Navigation 


133. Electricity—Twenty-five hundred years ago Thales of Miletus commented 
on basic electrica! phenomena, but more than two millenniums passed before men first 
approached an understanding of electricity and the uses to which it could be put. 

Until about 1682 the only known method of creating electricity was by rubbing 
glass with silk or amber with wool. Then Otto von Guericke of Magdeburg invented 
an “electric machine” and made possible the creation of electricity for experimental 
work. The Leyden jar, the electrical condenser (or machine) commonly used today, 
had its origin in 1745 when its principle was accidentally discovered independently by 
P. van Musschenbroek, of the University of Leyden, and von Kleist. 

Stephen Gray, about 1729, demonstrated the difference between conductors and 
non-conductors, or insulators, and ten years later Hawkesbee and DuFay, working 
independently, each discovered the positive and negative qualities of electricity. 

In the middle of the 18th century Sir William Watson of England, developer of 
the Leyden jar in essentially its present form, sent electricity more than two miles by 
wire. Whether Watson was aware of the tremendous possibilities his experiment dem- 
onstrated is not known. Twenty-five years later, about 1774, Lesage devised what is 
believed to have been the first method of electrical communication. He had a separate 
wire for each letter of the alphabet and momentarily charged the appropriate wire to 
send each letter. 
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A German scholar, Francis Aepinus (1728-1802), was the first to recognize the 
reciprocal relationship of electricity and magnetism. In 1837 Karl Gauss and Wilhelm 
Weber ccllaborated in inventing a reflecting galvanometer for uss in telegraphic work, 
which was the forerunner of the galvanometer at one time employed in submarine 
signaling. Michael Faraday (1791-1867), in a lifetime of experimental work, contributed 
most of what is known today in the field of electromagnetic induction. In 1864 James 
Clerk Maxwell of Edinburgh made public his electromagnetic theory of light. Many 
consider it the greatest single advancement in man’s knowledge of electricity. 

134. Electronics.—In 1887 Heinrich Hertz provided the preof of Maxwell’s theory 
by producing electromagnetic waves and showing that they could be reflected. A dec- 
ade later Joseph J. Thomson discovered the electron and so provided the basis for the 
development of the vacuum tube by Fleming and DeForest. In 1899 R. A. Fessenden 
pointed out that directional reception of radio signals was possible if a single coil or frame 
aerial was used as the receiving antenna. In 1895 Guglielmo Marconi transmitted a 
“wireless” message a distance of about one mile. By 1901 he was able to communicate 
between stations more than 2,000 miles apart. The following year Arthur Edwin Ken- 
nelly and Oliver Heaviside introduced the theory of an ionized layer in the atmosphere 
and its ability to reflect radio waves. Pulse ranging had its origin in 1925 when Gregory 
Breit and Merle A. Tuve used this principle to measure the height of the ionosphere. 

135. Application of electronics to navigation.—Perhaps the first application of 
electronics to navigation wes the transmission of radio time signals (art. 1826) in 1904, 
thus permitting the mariner to check his chronometer at sea. Telegraphic time signals 
had been sent since 1865, providing a means of checking the chronometer in various 
ports. 

Next, radio broadcasts providing navigational warnings, begun in 1907 by the 
U.S. Navy Hydrographic Office, helped increase the safety of navigation at sea. 

By the latter part of World War I the directional properties of a loop antenna 
were successfully utilized in the radio direction finder (art. 4201). The first radiobeacon 
was installed in 1921. 

Early 20th century experiments by Behm and Langevin Jed to the development, 
by the U.S. Navy, of the first practical echo sounder (art. 619) in 1922. 

As early as 1904, Christian Hulsmeyer, a German engineer, obtained patents in 
several countries on a proposed method of utilizing the reflection of radio waves as an 
obstacle detector and a navigational aid to ships. Apparently, the device was never 
constructed. In 1922 Marconi said, “It seems to me that it should be possible to 
design apparatus by means of which a ship could radiate or project a divergent beam 
of these rays (electromagnetic waves) in any desired direction, which rays if coming 
across a metallic object, such as another ship, would be reflected back to a receiver 
screened from the local transmitter on the sending ship, and thereby immediately 
reveal the presence snd bearing of the other ship in fog or thick weather.” 

In the same year of 1922 two scientists, Dr. A. Hoyt Taylor and Leo C. Young, 
testing a communication system at the Naval Aircraft Radio Laboratory at Anacostia, 
D.C., noted fluctuations in the signals when ships passed between stations on opposite 
sides of the Potomac River. Although the potential value of the discovery was recog- 
nized, work on its exploitation did not begin until March 1934, when Young suggested 
to Dr. Robert M. Page, an assistant, that this might bear further investigation. By 
December, Page had constructed a pulse-signal device that determined the positions 
of aircraft. This was the first radar (art. 4301). In the spring of 1935 the British, un- 
aware of American efforts, began work in this field, and developed radar independently. 
In 1937 the USS Leary tested the first seagoing radar. In 1940 United States and 
British scientists combined their efforts, resulting in more rapid progress. The British 
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revealed the principle of the multicavity magnetron developed by J. T. Randall and 
H. A. H. Boot at the University of Birmingham in 1939. This magnetron made micro- 
wave radar practical. Probably no scientific or industrial development in history 
expanded so rapidly in all phases—research, development, design, production, trials, 
and training—and on such a scale. In 1945, at the close of hostilities of World War II, 
radar was made available for commercial use. 

136. Development of hyperbolic radio aids—The work on television and cosinic- 
ray counting devices in the decade prior to World War IE provided the electronic 
techniques needed for the practical development of radio aids to navigation based 
upon the time of transmission of radio signals. Because the frequency stability of 
oscillators used in those early days was very poor—about a million times less than is 
available in 1975—it was obvious that only the difference in transmission times of two 
or more signals from different places could be measured. But this quantity would 
become useful only if the various signals could be kept in close synchronism by some 
control mechanism. Using this method, with the assumption of e constant velocity of 
propagation, it was clear that two signals would define a family of hyperbolic lines of 
position having the transmitting antennas as foci, and signals from either three or four 
different stations would establish a position fix. 

It was also obvious, since the velocity of light is about 300 meters or nearly 1000 
feet per microsecond, that time-difference measurements would have to be made within 
a very few microseconds if positional accuracy comparable to other methods of naviga- 
tion were to be achieved. This precision generally exceeded that attained in ionospheric 
pulse-sounding techniques available at the time, but not by a very substantial margin. 
The only potentially difficult problem was the irregular variations of transmission times 
of most radio signals. These variations could be reduced or practically eliminated only 
by operating at very high frequencies where line-of-sight transmission could be achieved 
without interference from waves reflected from the ionosphere. It was natural, there- 
fore, that the first operational hyperbolic radio aid was arranged to use these principles 
in the very high frequency part of the radio spectrum. 

This first aid te navigation of the new kind was the British Gee system, proposed 
by Robert J. Dippy in 1937 and brought into operation by a team headed by Dippy 
in early 1942. This system was designed in accordance with the principles given above. 
Gee operated with a pulse length of about 5 microseconds at frequencies from 30 to 80 
megahertz with separations between transmitters of the order of 100 miles. For high- 
flying aircraft the system could be used at distances up to 350 or 400 miles. Even 
though it was heavily jammed over western Europe, Gee was of the greatest importance 
to the night flying of the Bomber Command of the Royal Air Force, as it made return 
to bases in the British Isles relatively easy and accurate even under very poor flying 
conditions. 

In 1940 the Microwave Committee of the U.S. National Defense Research Com- 
mittee was assigned a project. to develop a long-range, precision aircraft navigation 
system. Operational specifications for the system included an accuracy of about 1,000 
feet at a range of 200 miles. To meet these requirements it was planned to use syn- 
chronized pairs of pulse-type transmitting stations separated by distances of several 
hundred miles. ‘Transmitters radiating a peak power of about 1% megawatts in the 
30 to 4C megahertz band were contemplated. Except for instrumentation, the system 
would have been very similar to Gee. 

The original system concepts used groundwave signals only. However during 
the course of system developments, measurements were made of the timing stability 
of pulsed radio waves having frequencies of from about 2 to 8 megahertz received 
via reflections from the ionosphere. Contrary to what was generally believed at the 
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time, the stability of the signal reflec: ed from the E-layer of the ionosphere was found 
to be quite good. Computations based on these measurements indicated that a long- 
range system using a combination of groundwaves ard skywaves would provide a 
fixed accuracy of better than 5 miles at a range of 1,500 miles. The possibilities of a 
navigational system with this range and accuracy were so great that the original 
concept was abandoned and all efforts were concentrated toward this new goal. The 
revised project was assigned to the Radiation Laboratory of the Massachusetts Institute 
of Technology in the summer of 1941. Experimental transmitting stations were located 
at U.S. Coast Guard facilities near Montauk Point, New York, and Fenwick Island, 
Delaware. 

In January 1942 the first skywave accuracy tests were made; a radio-frequency 
band was selected. Trials in moving vehicles were undertaken in June. By October 
1942 a four-station chain was inaugurated for extended field trials by the U. S. Navy. 
About 40 receiver-indicators were installed in naval vessels during the next 4 or 5 

. months. Data were rapidly taken that defined the necessary skywave correction to 
: reduce nighttime E-layer signals to the equivalent groundwave readings given on 
the charts. 

On January 1, 1943, the administration of the new Loran program was assigned 
to the U.S. Navy. The U.S. Coast Guard and the Royal Canadian Navy were assigned 
responsibility for operation of the transmitting stations. The Loran system became 
fully operational in the spring of 1943 when charts for the four-station North Atlantic 
chain became available. The first chain comprised the two test stations at Montauk 

; Point and Fenwick Island plus two new stations at Baccaro and Deming, Nova Scotia. 

‘ The Fenwick station was first moved to Bodie Island, North Carolina, and later to 

: Cape Hatteras, North Carolina. The Montauk Point station was moved to Nantucket 
Island. Instailations in the Aleutians and the South Pacific soon followed. 

This first version of Loran which operated on channels in the 1800 to 2000 kilohertz 
band was originally called Standard Loran to distinguish it from other experimental 
versions then being evaluated. Standard Loran later became known as Loran-A. 

The most successful variation of Standard Loran during World War II was known 
as Skywave Synchronized (SS) Loran. This SS Loran operated at 2 megahertz, but, 
as its name implies, the stations maintained synchronization by using skywaves rather 
than the groundwave. This system was usable only during nighttime because of radio 
propagation conditions. SS Loran was first tested on the night of April 10, 1943, be- 
tween Fenwick Island, Delaware, and Bonavista, Newfoundland, 1,100 miles away. 
Observations at the Radiation Laboratory, Cambridge, Massachusetts, revealed a line 
of position probable error of about 0.5 mile. This demonstrated the important fact 
that the errors of a few microseconds in the skywave transmission would not prevent - 
position fixing to a useful accuracy when a sufficiency long baseline could be used. By 
the fall of 1948 two SS Loran airs were in operation with transmitting stations at 
East Brewster, Massachusetts, Gooseberry Fa:ls, Montana, Montauk Point, New 
York and Key West, Florida. Extensive evaluation flights by U. S. and Allied Forces 
revealed an average position-fixing error of 1 to 2 miles. 

ae In the early spring of 1944, the four SS Loran stations in the U. S. were dismantled, 

and the equipment was installed in Europe and North Afnca. Stations were located in 

: Scotland, Trnisia, Algeria, and Libya. This system became operational in Octcber 

; 1944 and was used extensively for night bombing operations. The combination of very 

i long baselines (approximately 956 miles) and favorable baseline orientation provided 

ee j nighttime service over a large part of Europe with an accuracy of 1 to 2 miles. SS 

Loran systems were also operated successfully in Southeast Asia. Lack of daytime 
coverage was the major limitation of SS Loran. 
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Skywave Long Baseline Loran was tested by the U. S. Coast Guard shortly after 
World War II. This system was similar to SS Loran but operated at 10.585 megahertz 
during the day and at 2 megahertz during the night for synchronization purposes. In 
order to provide normal 2 megahertz service, transmitters were overated at 2 mega- 
hertz during the day as well as at night, being controlled by the synchronization on 
10.585 megahertz in daytime. 

Preliminary tests were conducted between Chatham, Massachusetts, and Fernan- 
dina, Florida, in May 1944. These tests were followed by additional tests between Hobe 
Sound, Florida, and Foint Chinato, Puerto Rico, in December 1945 and January 1946. 
Results of these tests demonstrated the basic concepts to be sound, but the difficulty 
in obtaining . suitable frequency allocation ended development. 

It was recognized early that a low frequency Loran system would provide im- 
proved accuracy and greatly extended navigational coverage during the day and night 
with fewer transmitting stations. The first experimental low frequency Loran system, 
operating at 180 kilohertz and called LF Loran, was placed in operation in 1945 with 
transmitting stations at Cape Cod, Massachusetts, Cape Fear, North Carolina, and |e 
Key Largo, Florida. Monitor stations for overwater observations were installed at 
Bermuda, the Azores, Puerto Rico, and Trinidad. Overland signals were observed at 
monitor stations in Ohio, Minnesota, and aboard specially equipped aircraft. 
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The LF Loran system was basically an extension of the techniques of 2 megahertz | 4 

Loran to the lower frequency. However, the LF stations operated in synchronized | Zz 

triplets instead of pairs, and the individual radio-frequency cycles of the master aud i : 

ar : slave pulses were displayed on the user’s receiver-indicator. The receivers were designed ¢ 
: to provide for visual matching of pulse and cycles. A rough match was made first using & 
' the envelopes of the two pulses, as in standard Loran, and then a fine measurement was ra 
made by matching selected radio-frequency cycles within each pulse. a 

In 1946 all equipment installed in the experimental east coast LF Loran system 3 

was transferred to northwest Canada where it served the requirements of special z 

Arctic maneuvers in the area. Upon completion of the maneuvers, a joint Canadian- 3 

United States project was initiated to evaluate the system. Nine fixed-monitor stations 2 

and a number of specially equipped aircraft were placed in operation and comprehensive { 3 

tests were made over a period of months. These operational tests, together with results | Z 

of the east coast tests, showed that the LF Loran system could operate with substan- : 3 

tially longer baselines than was feasible with the 2 megahertz system and that a 24-hour ; x 

service coverage over land would be of the order oi two-thirds of that of sea water as 3 

=e 


opposed to the al.nost negligible overland coverage provided by 2 megahertz Loran. 
The accuracy achieved was equivalent to an average line of position error of 160 feet 
at 750 miles. Beyond 750 miles, accuracy deteriorated rapidly due to skywave 
interference. 

However, operators found that they could not select the correct pair of cycies more 
than 75 percent of the time without prior knowledge of the correct pulse envelope delay. 
The resulting positional ambiguities were operationally unacceptable; the system was 
judged unsatisfactory for general purpo e navigation. Work was begun in 1946 on the 
development of cycle-identification end phase-measuring techniques to correct these 
positional ambiguities. This werk b:, government and industry culminated in the 
field tests of a low frequency, cycle msiching Loran system called Cyclan. ‘Chis name was = 
’ derived from Cycle matching Loran. ; : 
1, ; Cyclan was the first fully automatic Loran system. The cyclic ambiguity problem ; 

was solved through the use of pulse transmissions on two frequencies 20 kilohertz apart. 
At first 180 and 200 kilohertz were used, followed by operation on 16G and 380 kilohertz. 
Slope matching on the first 50 microseconds 2f the pulse was followed by cycle matching : 
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within the pulse envelope for precise determination of arrival time-differences. Incorrect 
cycle matching at one frequency was readily apparent by an obvious mismatch at the 
second frequency utilized. Cyclan coverage was limited to the groundwave region and, 
depending on local noise, gave a range of about 1,000 to 1,500 miles. Operational tests 
with Cyclan were complicated by serious interference problems involving broadcast 
stations and aeronaut.cal radiobeacons on adjacent frequencies. The tests did show, 
however, that the radio-frequency cycle identification problem could be solved. Signifi- 
cant progress was also made in instrumentation. It became necessary to seek another 
solution when the 1947 Atlantic City Radio Conference designated the 90 to 110 
kilohertz band (20 kilohertz bandwidth) fer the development of long range navigational 
systems; Cyclan required a tetal bandwidth of epproximately 40 kilohertz. 

Navaglobe was an early system investigated as a potential low frequency system 
operating within the 90 to 110 kilohertz band. Work on this system started in 1945. , 
The directional characteristics were obtained from a configuration of three vertical ! 
antennas placed av the corners of an equilateral triangle. The antennas were excited — 
alternately in posirs so that three overlapping figure-cight patterns were obtained. 
Measurement of the relative amplitudes of the received signals determined the navi- 
gator’s bearing from the transmitting station. Cross bearings were required to establish 
position. To obtain range :nformation, parallel development of a distance measuring 
system calied Facom was carried cut. This system vlso operated in the 90 to 110 kilo- 
hertz band. Coarse distance data were developed by comparing the phase of a low 
frequency modulating tone on a local oscillator with che phase of a similar tone on the 
continuous wave siguai fiom the Facom ground station. Fine distance measurements 
were made on the radio frequency cycles in the carrier. 

Navarho, the combined Navaglobe-Facom system, was extensively evaluated during 
1957. The project was disc ntinued because the overall system performance was 
unsatisfactory. 

Navarho was the first system to attempt the distance-difference measurement 
from observation of the change of phase of the received signal relative to a very stable, 
locally generated reference signal of the same frequency. ‘To obtain useful navigational 
accuracy the frequencies of the transmitted signals and of the receiver’s reference 
signals had to be synchronized with an accuracy of a part in a billion or better. One of 
the first commercial cesium beam frequency standards was used to control the frequency 
of the signals radiated from three towers at Camden, New York. Although the airborne 
crystal oscillators were awkward to operate, requiring close attention to attain the 
necessary stability, the results of numerous flights out to ranges of 2,000 miles demon- 
strated acceptable range and accuracy in the distance measurement; the bearing 
measurements at ’ong range, however, were relatively poor. 

In 1952 work began undcr go\2rnment. contract on a long range, automatic, 
ground-reference tactical bombing system known as Cytae. A pulsed, hyperbolic 
navigaiion system operating in the 90 to 110 xilohertz band was an integral part 
of the Cytac system. Equipment development was completed in 1955, and three trans- 
mitting stations were constructed at Foiestport, New York; Carolina Beach, North 
Carotina; and Carrabelle, Florida. Tests with the navigational component of the 
system throughout 1956 showed that automotic instrumentation could solve the radio 
frequency cycle identification problem and could measure time-difference in a hyper- ; 
bolic system with an average error of « few tenths of a microsecond. The coverage ;- 
area extended from the Atlantic Ocean to the Mississippi River, and from the Great 
Lakes to the Gulf of Mexico. Monitor stations installed at widely separated loca- 
tions collected data during a year of testing. The results of the tests demonstrated 
that the system was not only capable of a high degree of precision but also that the Re 
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laws controlling its accuracy were sufficiently well known to permit sound predictions 
of accuracy prior to installation. For operational reasons, the Cytac concept was 
abandoned. Its use as a navigational aid was immediately apparent. 

In 1957 an operational requirement for a highly accurate long range maritime 
radionavigation aid was developed. The stated accuracy and range requirements 
were considerably in excess of the capabilities of existing Loran-A equipment. On the 
basis of the results of the Cytac tests, it was believed that this requirement could be 
satisfied by implementing the Cytac concepts as well as some of the Cytac equipment. 
Consequently, equipment from stations at Forestport, New York, and Carrabelle, 
Florida, was transferred to Martha’s Vineyard, Massachusetts, and Jupiter, Florida, 
respectively. These stations operating in conjunction with the existing station at 
Cerolina Beach, North Carolina, were placed in operation in 1957. The U. S. Coast 
Guard in accordance with the U.S. Federal Laws assumed responsibility for cperation 
of the stations in August 1958. Comprehensive tests by both ships and aircraft showed 
that the original concepts were sound. The new system, designated Loran-C, was at 
that time placed in operational status. 

Following the closing of the Radiation Laboratory at the Massachusetts Insti- 
tute of Technology, a small group of the scientists moved to the Cruft Laboratory 
of Harvard University, intending to apply some of the new techniques the war had 
brought forward to various investigations of radio wave propagation. A theoretical 
study was made of the stability of the phase of a modulated signal that might be 
expected under the conditions of interference between modes of propagation in long- 
distance ionospheric transmission. This study indicated that a relatively long-period 
modulation might be measureable with nearly the accuracy that had been achieved 
in the LF Loran trials. Refinement of this concept led to the proposal in 1947 of a system 
calied Radux. 

This new system was to be very similar to LF Loran, except that the arrival 
times would be measured in terms of the phase of 200 Hertz medulation instead of 
the time of a pulse having a duration of about 306 microseconds. Because a 200 Hertz 
modulation could be radiated from a good low frequency antenna at a frequency as low 
as 40 or 50 kilohertz, it was hoped that a 1,000-mile baseline could be used and that use- 
ful service could be provided as far as 3,000 miles. However, little was known about 
propagational characteristics in this frequency regicn. 

After 2 to 3 years of study of the proposal, the U. S. Navy assigned the Navy 
Electzonics Laboratory (NEL) the task of making the necessary tests to develop 
Radux as an aid to navigation. With the advice of an informal steering cemmuttee, 
representing several naval technical bureaus and laboratories and commercial con- 
tractors, NEL proceeded to build and install transmitters where suitable antennas 
could be found, initially in Hawaii and San Diego, and to procure and operate re- 
ceivers. This work occupied nearly the entire decade of the 1950’s. The results were 
very much like those of the work of the Radiation Laboratory on LF Loran; the range 
and accuracy were less than desired. 

Going back to 1953, Dr. Louis Essen of the National Physical Laboratory (NPL) 
in Teddington, England, who had designed by far the best crystal oscillator then avail- 
abie (the Essen ring) and who was developing the first practical cesium frequency 
standard, visited Harvard University. EH called attention to the fact that the British 
Post Office transmitter at Rugby had begun transmitting a standard frequency of 60 
kilohertz. This transmission was made for only i hour per day, but it was derived 
from an Essen ring oscillator and the frequency was accurately monitored by both 

the Post Office and NPL. The group at Harvard University immediately began observ- 
ing this transmission, and made the pleasing discovery that the frequency could be 
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measured to a part in 10’ during the 1-hour transmission. This accuracy exceeded 
by a factor of 10? to 10° that available through high-frequency transmission of standard 
frequencies. This link from Rugby to Cambridge, Massachusetts became for a time the 
primary intercomparison mechanism between the British and American systems of 
standard time, which differed greatly in those days. The first international intercom- 
parison of cesium-controlled clocks was made in the seme way. 

The Rugby (GBR) frequency was stabilized in 1954. This started an era in which 
the frequencies of most VLF transmissions have been stabilized so that they can be 
used for frequency intercomparisons and for new kinds of propagational research. 
It was soon found that daily measurement yielded an accuracy of about 2 parts in 
10" in frequency, even at distances of thousands of miles. 

The Radux work was being done under conditions of military classification. These 
new VLF discoveries were therefore published only through their bearing on frequency 
comparison. In April, 1955, however, a letter report to the Office of Naval Research 
and verbal and other communications with the Naval Laboratories recommended 
extension of the navigational efforts to the very low frequencies; in particular to 
those below 14 kilohertz, where circuit bandwidths are so low that the f-equencies 
are not of general interest for communication. 

It had been found that the accuracy of Radux, while inadequate to resolve cyclic 
ambiguities at 40 kilohertz (periods of 25 microseconds), would resolve the four times 
larger phase ambiguities at a frequency of 10 kilohertz. A composite system was 
therefore proposed which could operate as Radux, probably at 40 kilohertz, while 
coherent bursts of 10 kilohertz carrier, radiated from the same antenna at different 
times, would permit measurements of much greater precision but with 8-mile ambi- 
guities resolvable, at least in theory, by measurements of the 200 Hertz modulation of 
Radux. This composite system was called Radux-Omega, and was investigated for a 
few years. It rapidly became obvious that this marriage was an unfortunate one, 
because the useful range of the 10 kilohertz component greatly exceeded that of Ra ax, 
while the relatively short baselines of Radux spoiled the geometrical accuracy of the 
Omega (10 kilohertz} component at long distances, and kept the ultimate accuracy 
far jess than it migh. otherwise be. 

One of the primary reasons for the suggestion of such a low modulation frequency 
as 200 Hertz was to guard against the cyclic ambiguities that are a feature of any 
phase measuring system. When measuring at 200 Hertz in a hyperbolic system, any 
possible ambiguities would be separated by 400 miles or more and could be disregarded 
as an operational problem. 

During the decade beginning in 1950, forces were at work that made the design 
of Radux less attractive than it had seemed in 1947. The most obvious change was 8 
general increase in the desired accuracy of a navigational aid. When Loran was de- 
veloped the only standard of excellence in the deep-water environment was celestial 
navigation, with perhaps 3 nautical miles as a typical error. Loran, especially Loran-C 
and a number of short-distance aids, gave navigators a desire for higher accuracy. 
Two other factors became important: (1) a general improvement in dead reckoning, 
including the inertial systems, and (2) a very great increase in the reliability of elec- 
tronic devices. The first of these made the recovery of a lost cycle count much more 
probable, while the second made the loss of a count itself a relatively unlikely event. 

The overall result of these external forces was to reduce by a large factor the fear 
of lane ambiguity. It therefore be ame possible to think of satisfying the need for 
accuracy beyond that of Radux by using a much more ambiguous system, with real 
hope that the possibility of ambiguities would not become a serious operational defect. 
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These considerations gradually led to the abandoning of Radux, leavire Omega 
to stand by itself. During the hybrid period, enough data had been taken to confirm 
the phenomenal range available at VLF, with timing errors that did not increase mark- 
edly with increasing distance. It was also realized that long baselines are especially 
effective on a spherical earth. For example, with a baseline subtending 60 degrees of 
are the divergence of the hyperbolic lines of position is limited to 2 factor of two, 
instead of increasing infinitely as it does with a baseline negligibly long in comparison 
with the curvature of the earth. And, of course, if a pair can link the opposite ends of 
a diameter of the earth there is no divergence at all, and a measurement accuracy of 

. 12 microseconds in time-difference corresponds to a positional accuracy of a nautice 
rile, anywhere on earth. ' 

The Omega experiments began with the pair lirking Hawaii and California, 
operating at first at 12.5 kilohertz, although experiments were rapidly extended 

. throughout the 9 to 15 kilohertz region, and even higher at times. One of the earliest 
experiments gave an exciting and convincing demonstration of the merits of VLF 
cycle matching. Commander Lyle C. Read, USN, who was the Radux Program Officer 

' at the Navy Electronics Laboratory, was traversing the baseline with an early Omega 

receiver on a naval vessel, essentially counting the number of wavelengths between 

Hawaii and California as a check on the then somewhat nebulous ideas about phase 

velocity at very low frequencies. Fortunately, the ship got a little ahead of schedule 

and Commander Read was able to induce tke captain to make a standard 360° turn 

midway in the passage. Although only a single pair was being tracked, the double 

. amplitude of the sinusoidal variation on the phase record gave the diameter of the 
ship’s turning circle within 50 yards. 

This and many other demonstrations of the sensitivity of ine Omega technique 
accelerated the decision to concentrate on VLF because of its range and potential 
accuracy, and to accept ihe best that could be done to solve the ambiguity problem. 

From this point, the work went rapidly for a time. A station in the Panama Canal 
Zone was borrewed from Neval Communications, and one in Wales from the British 
Post. Office. With these, and San Diego and Hawaii, the network was large enough to 
permit monitoring from Alaska to South America and from Hawaii to Europe. Early 
ideas of the velocity of propagation and of its variation with time of day were refined 
(a process that is still being carried forward) and innumerable trials and demonstra- 
tions were conducted. 

By 1966 Omega signals were being transmitted on a regular basis from stations 
located in New York, Hawaii, Trinidad, and Norway. But since these stations utilized 
existing facilities and developmental equipment. none of these stations was capable of 
transmitting the power required for an operational system. However, signals were i 
being transmitied full time from a four station complex providing the vital ingredients 
necessary to further systern development. “¢ 

By 1976 seven of the eight stations of the fully implemented system were in normal 
operation. The developmental station at. Trinidad remained in operation pending imple- 

as mentation of the South Pacific station. 
Other developments include Decca (art. 4344), a short to medium range hyper- 

‘ bolic system, which was first used under the code name “QM” during the landings 
in Normandy in 1944. Another World War II development was the rotating electronic 
beam utilized in the German navigation system called sonne, later further perfected 
by the British under the name Consol (art. 4354). 

In the late 1950’s tne Decca Navigator Company Ltd., developed an experimental 
VLF radionavigation system known as Delrac, a name derived from Decca long- bh 
Je B range area coverage. In principle, this system was similar to Omega. 


‘nant pom 
. 


Ln 
bay 


ee 


Th 
ny 


m 
i 


ntl 


TD 
ik i 


Het aE 

























11 2 enc ENO TY ll RE TNO OREN RH A UNO 
‘ 
‘ 
jr Pa AM am en a hy ada A a SALLE i ao 


fr 1 wrt 


own wh 








1 
! 
H 
I 
rn 
i 

i 


























eta 



































54 HISTORY OF NAVIGATION 


137. I \welopment of sstellite navigation.—_The Navy Navigation Satellite System 
(NAVSAT) was developed within the Navy to fulfill a requirement ectablished by the 
Chief of Naval Operations for an accurate worldwide navigation system for aj} naval 
surface vessels, aircraft, and submerines. The system was conceived and developed 
by the Applied Physics Laboratory of The Johns Hopkins University un@or Navy 
contract. 

The underlying concept that led to development of the system dates back to 
1957 and the first launch of an artificial satellite into erbit—Russie’s Sputnik 1. 
Dr. William H. Guier and Dr. George C. Wieffenbach at ibe Applied Physics Labora- 
tory of the Johns Hupkins University were monitoring the famous “beeps” transmitted 
by the passing satellite. They plotted the :eccived signals at precise intervals, and 
noticed that a characteristic doppler curve emerged. Since celestiul bedies followed 
fixed orbits, they reasoned that this curve could be used to describe the satellite orbit. 
Later, they demonstrated that they could determine all of the orbital parameters for a 
passing satellite by doppler observation of a single pass from a single fixed station. 
The doppler shift apparent while receiving a transmission from a passing satellite 
was proven to be an effective measuring device for establishing the satellite orbit. 

Dr. Frank T. McClure, also of the Applied Physics Laboratory concluded inverzely 
that if the satellite-orbit were known, doppler shift measurement could be used to 
determine one’s pesition on earth—thereby suggesting a new method for navigation— 
a more precise method than any yet known, available anywhere on earth without 
regard for weather conditions. His studies earned for him the first National Aero- 
nautics and Spacc Administration award for important contributions to space study 
development. 

In 1958, on the strength of Dr. McClure’s studies, the Applied Physics Laboratory 
proposed to the Bureau of Naval Weapons that possibilities be explored for establishing 
a satellite doppler navigation system. The Chief of Naval Operations set forth require- 
ments for such a system to provide accurate all-weather worldwide navigation, recom- 
mending to the Advanced Research Projects Agency that. funds be made available for 
the purpose. Aithcugh this was only one of a number of proposals to utilize satellites 
for navigation, it was accepted, and, until 1960, all work on the system was performed 
by the Navy with that Agency’s backing. An experimental satellite that failed to 
achieve orbit in September 1959 indicated the feasibility of tracking by doppler; the 
first successful launching of a prototype system satellite in April 1960 demonstrated its 
operational usefulness for navigation. 

138. Developmert of inertial navigation.—The first inertial navigation system was 
developed in 1942 for use in the V-2 missile by the Peenmunde group under the leader- 
ship of Dr. Wernher von Braun. This system used two 2-degree-of-freedom gyroscopes 
and an integrating accelerometer to determine the missile velocity. By the end of 
World War II, the Peenmunde group had developed a stable platform with three 
singie-degree-of-ireedom gyroscopes and an integrating accelerometer. 

Following World War II inertial navigation development in the United States was 
conducted by four groups, one sponsored by the Army and three by the Air Force. The 
Army group included the Peenmunde group under Dr. Wernher von Braun. This group 
later became the inertial group fur the National Aeronautics and Space Administration. 
The Air Force-sponsored groups were Northrup Aircraft, Autonetics Division of North 
American Aviation, and the Massachusetts Institute of Technology Instrumentation 
Laboratory, which was later to become The Charles Stark Draper Laboratory. 

At first. the systems developed for the Air Force were combinations of stellar and 
inertial systems. As the state-of-the-art improved, purely inertial systems were designed. 
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During this development the principal proponent of purely mertial systems was Dr. 
Charles Stark Draper of the Massachusetts Institute of Technology. 

The Autonetics Division of North American Aviation ingeniously adapted one « f 
its systems for shipboard use. In 1958 this system was used to navigate the USS Nautilr s 
under the ice to the North Pole. 

The development of purely inertial systems for air and marine avplications pro- 
ceeded along parallel lines. Missile and space applications followed. 

The development of the Ship Inertial Navigation System (SINS) began in 1951 and 
was completed in 1954. The initial system test on the hignway provided realistic operat- 
ing conditions under close monitoring and control. The results of the shipboard test of 
SINS in 1955 indicated that. it provided what was needed for the fleet ballistic missile 
submarine. 


Corelusion 


139. Navigation has come a long way, but there is no evidence that it is nearing 
the end of its development. Progress will continue as long as man remains unsavisfied 
with the means at his disposal. 
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CHAPTER II 
BASIC DEFINITIONS 


201. Navigation is the process of directing the movements of a craft, expeditiously 

and safely, from one point to another. The werd navigate is from the Latin navigatus, 
the past participle of the verb navigere, which is derived from the words navis, meaning 
“ship,” and agere, meaning “to move” or “to direct.’ Navigation of water craft is 
called marine navigation to distinguish it from navigation of aircraft, called air naviga- 
tion. Navigation of a vessel on the surface is sometimes calle. surface navigation to 
distinguish it from underwater navigation of a submerged vessel. Navigation of vehicles 
across land or ice is called land navigation. The expression lifeboat navigation is used 
to refer to navigation of lifeboats or life rafts, generally involving rather crude methods. 
The expression polar navigation refers to navigation in the regions near the geographical 
poles of the earth, where special techniques are employed. 

The p'' *ipal divisions of navigation are as follows: 

Dead 1 ~“oning is the determination of position by advancing a known position 
for courses and distances. A position so determined is called a dead reckoning position. 
It is generally accepted that the course steered and the speed through the water should 
be used, but the expression is also used to refer to the determination of position by use 
of the course and speed expected to be made good over the ground, thus making an 
estimated allowance for disturbing elements such as current and wind. A position 
so determined is better called an estimated position. The expression “dead reckoning” 
probably originated from use of the Dutchman’s log a buoyant object thrown over- 
board, to determine the speed of the vessel relative to the object, which was assumed 
to be dead in the water. Apparently, the expression deduced reckoning was used when 
allowance was made for current and wind. It was often shortened to ded reckoning and 
the similarity of this expression to dead reckoning was undoubtedly the source of the 
confusion that is still associated with these expressions. 

Piloting (or pilotage) is navigation involving frequent or contin.ous determination 
of position or a line of position relative to geographic points, and usually requiring 
need for close attention to the vessei’s draft. with respect to the depth of water. It is 
practiced in the vicinity of land, dangers, etc., and requires good judgment and almost 
constant attention and alertness on the part of the navigator. Celestial navigatior 
is navigation using information obtained from celestial bodies. 

Radionavigation is navigation using radio waves for determination of position 
or of a line of position. Radar navigation and satellite navigation are parts of the radio- 
navigation division. Radar navigation involves the use of radio waves, usually in the 
centimeter band, to determine the distance and direction of an object reflecting the 
waves to the sender. Sateilite navigation involves the usc of artificial earth satellites 
for determination of position. 

The term electronic navigation is used to refer to navigation involving the use of 
electronics in any way. Thus, the term includes the use of the gyrocompass jor steering 
and the echo sounder when piloting. Because of the wide use of electronics in navigation 
equipment, the term electronic navigation has limited value as a term for a division of 
navigation. 
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Electronics is the science and technology relating to the emission, flow, and effects 
of electrons in 2 vacuum or through a semiconductor, and to systems using devices in 
which this action takes place. 

202. The earth is approximately an oblate spheroid (a sphere flattened at the 
poles). Approximations of its dimensions and the amount of flattening are given in 
appendix X. However, for many navigational purposes, the earth is assumed to be a 
sphere, without intolerable error. 

The axis of rotation or polar axis of the earth is the line connecting thet cth Pole 
and the South Pole. 

203. Circles of the earth.—A great circle is the line of intersection of a sphere and 
a plane through th center of the sphere (fig 203a). This is the largest circle that can be 
drawn on a sphere. The shortest line on the surface of a sphere between two points on 
that surface is part of a great circle. On the spheroidal earth the shertest line is called a 
geodesic. A great circle is a near enough approximation to a geodesic for most problems 
of navigation. 

1 Sul! Circle is the line of intersection of a sphere and a plane which does not pass 
through the center of the sphere (fig. 203a). 

A meridian is a great circle through the geographical poles of the earth. Hence, 
all meridians meet at the poles, and their planes intersect each other in a line, the 
polar axis (fig. 203b). The term meridian is usually applied to the upper branch only, 
that half from pole to pole which passes through a given point. The other half is called 
the lower branch. 
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Fiaure 203a.—Great and small circles. 
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The prime meridian is that meridian used as the origin for measurement of longi- 
tude (fig. 203c). The prime meridian used almost universally is that through the original 
position of the British Royal Observatory at Greenwich, near London. 

The equator is the terrestrial great circle whose plane is perpendicular to the 
polar axis (fig. 203d). It is midway between the poles. 

A parallel or parallel of latitude is a circle on the surface of the earth, parallel to the 
plane of the equator (fig. 203e). It connects all points of equal latitude. The equator, a 
great circle, is a limiting case connecting points of 0° latitude. The poles, single points 
at latitude 90°, are the other limiting case. All other parallels are small circles. 

204. Position on the earth.—A position on the surface of the earth (except at 
either of the poles) may be defined by two magnitudes called coordinates. Those 
customarily used are latitude and longitude. A position may also be expressed in re’ation 
to known geographical positions. 

Latitude (L, lat.) is angular distance from the equator, measured northward or 
southward along a meridian from 0° at the equator to 90° at the poles (fig. 203c). It 
is designated north (N) or south (S) to indicate the direction of measurement. 

The di *2rence of latitude (/, D. Lat.) between two places is the angular length of arc 
of any m * ian between their parallels (fig. 203c). It is the numerical diffei 2nce of the 
latitudes .. che places are on the same side of the equator, and the sum if they are on 
opposite sides. It may be designated north (N) or south (S) when appropriate. 

The middle or mid latitude (Lm) between two places on the same side of the 
equator is half the sum of their latitudes. Mid latitude is labeled N or S to indicate 
whether it is north or south of the equator. The expression is occasionally used with 





Fiaure 203c.—Cireles and coordinates of the 
earth. All parallels except the equator are small 
ores the equator and meridians are great 
cireles. 


Fiaorr 203b.—The planes of the meridians meet. 
at the polar axis. 
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Fieure 203e.—A parallel of latitude is parallel to the equator. 


reference to two places on opposite sides of the equator, when it is equal to half the 
difference between the two latitudes, and takes the name of the place farthest from the 
equator. However, this usage is misleading, as it lacks the significance usually associated 
with the expression. When the places are on opposite sides of the equator, two mid 
latitudes are generally used, the average of each latitude and 0°. 

Longitude (A, long.) is the arc of a parallel or the angle at the pole between the 
prime meridian and the meridian of a point on the earth, measured eastward or westward 
from the prime meridian through 180° (fig. 203c). It is designated east (E) or west (W) 
to indicate the direction of measurement. 

The difference of longitude (DLo) between two places is the shorter arc of the 
parallel or the smaller angle at the pole between the meridians of the two places (fig. 
203c). If both places are on the same side (east or west) of Greenwich, DLo is the 
numerical difference of the longitudes of the two piaces; if on opposite sides, DLo is 
the numerical sum unless this exceeds 180°, when it is 360° minus the sum. The distance 
between two meridians at any parallel of latitude, expressed in distance units, usually 
nautical miles, is called departure (p, Dep.). It represents distance made good to the 
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east or west as a ciaft proceeds from one point io another. Its numerical value between 
any two meridians decreases with increased latitude, while DLo is numerically the same 
at any lavitude. Either DLo or p may be designated east (E) or west (W) when 
appropriate. 

205. Distance on the earth.—Distance (D, Dist.) is the spatial separation of two 
points, and is expressed as the length of a line joining them. On the surface of the 
earth it is usually stated in miles. Navigators customarily use the zautical mile (mi., M) 
of 1852 meters exactly. This is the value suggested by the International Hydrographic 
Bureau in 1929, and since adopted by most maritime nations. It is often called the 
International Nautical Mile to distinguish it from slightly different values used by some 
countries. On duly 1, 1959, the United States adopted the exact relationship of 1 yard= 
0.9144 meter. The length of the International Nautical Mile is consequently equal 
to 6,076.11549 feet (approximately). 

For most navigational purposes the nautical mile is considered the length of 1 
minute of latitude, or of any great circle of the earth, regardless of location. On the 
Clarke spheroid of 1866, used for mapping North America, the length of 1 minute 
of latitude varies from about 6,046 feet at the equator to approximately 6,108 feet at 
the poles. The length of 1 minute of a great circle of a sphere having an area equal 
to that of the earth, as represented by this spheroid, is 6,080.2 United States feet. 
This was the standard value of the nautical mile in the United States prior to adoption 
of the international value. A geographical mile is the length of 1 minute of the 
equator, or about 6,087 feet. 

The land or statute mile (mi., St M) of 5,280 feet is commonly used for navigation 
on rivers and lakes, notably the Great Lakes of North America. 

The nautical mile is about 38/33 or approximately 1.15 statute miles. A conversion 
table for nautical and statute miles is given in table 20. 

Distance, as customarily used by the navigator, refers to the length of the rhumb 
line connecting two places. This is a line making the same oblique angle with all me- 
ridians. Meridians and parallels (including the equator) which also maintain constant 








Fioure 205.—A rhumb line or loxodrome. 
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true directions, may be considered special cases of the rhumb line. Any other rhumb 
line spirals toward the pole, forming a loxodromic curve or loxodrome (fig. 205). Dis- 
tance along the great circle connecting two points is customarily designated great- 
circle distance. 

206. Speed (S) is rate of motion, or distance per unit of time. 

A knot (kn.), the unit of speed comm nly used in navigation, is a rate of one nautical 
mile per hour. The expression “knots per hour’ refers to acceleration, not speed. 

The expression speed of advance (SOA) is used to indicate the speed intended to be 
made along the track (art. 207), and speed over ground (SOG) the speed along the 
path actually followed. Speed made good (SMG) is the speed along the course made 
good. 

207. Direction on the earth.—-Direction is the position of one point relative to 
another, without reference to the distance between them. In navigation, direction is 
customarily expressed as the angular difference in degrees from : reference direction, 
usually north or the ship’s head. Compass directions (east, south by west, etc.) or points 
(of 114° or % of a circle) are seldom used by modern navigators for precise directions. 

Course (C, Cn) is the horizontal direction in which a vessel is steered or intended 
to be steered, expressed as angular distance from north, usually from 000° at north, 
clockwise through 360°. Strictly, the term applies to direction through the water, not 
the direction intended to be made good over the ground. The course is often designated 
as true, magnetic, compass, or grid as the reference direction is true, magnetic, compass, 
or grid north, respectively. Course made good (CMG) is the single resultant direction 
from the point of departure to point of arrival at any given time. Sometimes the expres- 
sion course of advatice (COA) is used to indicate the direction intended to be made good 
over the ground, and course over ground (COG) the direction of the path actually 
followed, usually a somewhat irregular line. Course line is a line extending in the direc- 
tion of a course. 

In making computations it is sometimes convenient to express a course as an 
angle from either north or south, through 90° or 180°. In this case it is designated 
course angle (C) and should be properly labeled to indicate the origin (prefix) and 
direction of measurement (suffix). Thus, C N85°E=Cn 035° (000°-+35°), C N155°W 
=Cn 205° (360° —155°), C S47°E=Cn 133° (180° —47°). But Cn 260° may be either 
C N100°W or C S80°W, depending upon the conditions of the problem. 

The symbol C is always used for course angle, and is usually used for course where 
there is little or no possibility of confusion. 

Track (TR) is the intended or desired horizontal direction of travel with respect 
to the earth and also the path of intended travel. The terms intended track and track- 
line are also used to indicate the path of intended travel (fig. 207a). The path actually 
followed is usually a somewhat irregular line. The track consists of one or a series of 
course lines from the point of departure to the destination, along which it is intended 
the vessel will proceed. A great circle which a vessel intends to follow approximately 
is called a great-cirele track. 

Heading (Hdg., SH) is the direction in which a vessel is pointed, expressed #3 
angular distance from north, usually from 060° at north, clockwise through 369°. 
Heading should not be confused with course. Heading is a constantly changing va.ue 
as a vessel oscillates or yaws back and forth acros: the course due to the effects of sea, 
wind, and steering error. 

Bearing (B, Brg.) is the direction of one terrestrial point from another, expressed 
as angular distance from a reference direction, usually from 000° at the reference 
direction, clockwise through 360°. When measured through 90° or 180° from either 
north or south, it is called bearing angle (B), which bears tle same relationship to 
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Ficure 207a.—Course line, track, course over ground, course made good, and heading. 


bearing as course angle does to course. Bearing and azimuth are sometimes used inter- 
changeably, but the latter is better reserved exclusively for reference to horizontal 
direction of a point on the celestial sphere from a point on the earth. 

A relative bearing is one relative to the heading, or to the vessel itself. It is usually 
measured from 000° at the heading, clockwise through 360°. However, it is some- 
times conveniently measured right or left from 0° at the ship’s head through 180°. 
This is particularly true when using table 7. Older methods, such as indicating the 
number of degrees or points from some part of the vessel (10° forward of the starboard 


beam, two points on the port quarter, etc.) are seldom used by modern navigators to 
indicate precise directions, except for bearings dead ahead or astern, or broad on the 
bow, beam, or quarter. 

To convert a relative bearing to a bearing from north (fig. 207b), express the rela- 
tive bearing in terms of the 0°-360° system and add the heading: 































































































Ficure 207b.—Relative bearing. 
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BASIC DEFINITIONS 63 
True Bearing= Relative Bearing-+True Heading. 
Thus, if another vessel bears 127° relative from a ship whose heading is 150°, the bear- 


ing from north is 127°+150°=277°. If the total exceeds 360°, subtract this amount. 
To convert a bearing from north to a relative bearing, subtract the heading: 










Relative Bearing=True Bearing—True Heading. 


Thus, a lightship which bears 241° from north bears 241°--137°=104° relative from 
a ship whose heading is 137°. If the heading is larger than the true bearing, add 360° to 
the true bearing before subtracting. 

































































































































































CHAPTER Ill 
CHART PROJECTIONS 
General 


301. The navigator’s chart—A map is a conventional representation, usually on 
a plane surface, of all or part of the physical features of the earth’s surface or any part 
of it. A chart is such a representation intended primarily for navigation. A nautical 
or marine chart is one intended primarily for marine navigation. It generally shows 
depths of water (by soundings and sometimes also by depth curv’s), aids to navigation, 
dangers, and the outline of adjacent land and such land features as are useful to the 
navigator. 

Chart making presents the problem of representing the surface of a spheroid upon 
a plane surface. The surface of a sphere or spheroid is said to be undevelopable because 
no part of it can be flattened without distortion. A map projection or chart projection 
is a method of representing all or part of the surface of a sphere or spheroid upon 8 
plane surface. The process is one of transferring points on the surface of the sphere 
or spheroid onto a plane, or onto a developable surface (one that can be flattened to 
form a plane) such as a cylinder or cone. If points on the surface of the sphere or spheroid 
are projected from a single point (including infinity), the projection is said to be per- 
spective or geometric. Most map projections are not perspective. 

302. Selecting a projection.—Each projection has distinctive features which make 
it preferable for certain uses, no one projection being best for all conditions. These 
distinctive features are most apparent on charts of large areas. As the area becomes 
smaller, the differences between various projections become less noticeable until on the 
largest scale chart, such as of a harbor, all projections become practically identical. 
Some of the desirable properties are: 

1. True shape of physical features. 

2. Correct angular relationship. A projection with this characteristic is said to 
be conformal or orthomorphic. 

3. Equal area, or the representation of areas in their correct relative proportions. 

4. Constant scale values for measuring distances. 

5. Great circles represented as straight lines. 

6. Rhumb lines represented as straight lines. 

It is possible to preserve any one and sometimes more than one property in any 
one projection, but it is impossible to preserve all of them. For instance, a projection 
cannot be both conformal and equal area, nor can both great circles and rhumb lines 
be represented as straight lines. 

303. Types of projection.—Projections are usually classified primarily as to the 
type of developable surface to which the spherical or spheroidal surface is transferred. 
They are sometimes further classified as to whether the projection (but not neces- 
sarily the charts made by it) is centered on the equator (equatorial), a pole (polar), or some 
point or line between (oblique). ‘"* . name of a projection often indicates its type and 
sometimes, in addition, its princ, . feature. 

The projection used most frequently by mariners is commonly called Mercator, 
after its inventor (art. 109). Classified according to type this is an equatorial cylindri- 
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CHART PROJECTIONS 


cal orthomorphic projection, the cylinder conceived as being tangent along the equator. 
A similar projection based upon a cylinder tangent along a meridian is called transverse 
Mercator or transverse cylindrical orthomorphic. It is sometimes called inverse Mercator 
or inverse cylindrical orthomorphic. If the cylinder is tangent along a great circle other 
than the equator or a meridian, the projection is called oblique Mercator or oblique cy- 
lindrical orthomerphic. 

In a simple conic projection points on the surface of the earth are conceived as 
transferred to a tangent cone. In a Lambert conformal projection the cone intersects 
the earth (a secant cone) at two small circles. In a polyconic projection, a series of 
tangent cones is used. 

An azimuthal or zenithaf projection is one in which points on the earth are trans- 
ferred directly to a plane. If the origin of the projecting rays is the center of the earth, 
a gnomonic projection results; if it is the point opposite the plane’s point of tangency, a 
stereographic projection; and if at infinity (the projecting lines being parallel to each 
other), an orthographic projection (fig. 303). The gnomonic, stereographic, and ortho- 
graphic are perspective projections. In an azimuthal equidistant projection, which is not 
perspective, the scale of distances is constant along any radial line fro.n the point of 
tangency. 


Ficure 303.—Azimuthal projections: A, gno- 
monic; B, stereographic; C (at infinity), 
orthographic. 


Cylindrical and plane projections can be considered special cases of conical projec- 
tions with the heights infinity and zero, respectively. 

A graticule is the network of latitude and longitude lines laid out in accordance 
with the principles of any projection. 


Cylindrical Projections 


304. Features.—If a cvlinder is placed around the earth, tangent along the equator, 
and the planes of the meridians are extended, they intersect the cylinder in a number of 
vertical lines (fig. 304). These lines, all being vertical, are parallel, or everywhere equi- 
distant from gach other, unlike the terrestrial meridians, which become closer together 
as the latitude increases. On the earth the parallels of latitude are perpendicular to the 
meridians, forming circles of progressively smaller diameter as the latitude increases. 
On the cylinder they are shown perpendicular to the projected meridians, but because a 
cylinder is everywhere of the same diameter, the projected parallels are all the same size. 

If the cylinder is cut along a vertical line (a meridian) and spread out flat, the 
meridians appear as equally spaced, veriical lines, and the parallels as horizontal 
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Fictre 304.—<A cylindrical projection. 


lines. The spacing of the parallels relative to each other differs in the various types 
of cylindrical projections. 

The cylinder may be tangent along some great circle other than the equatcr, 
forming an oblique or transverse cylindrical projection, on which the pattern of lati- 
tude and longitude lines appears quite diiferent, since the line of tangency and the 
equator nc longer coincide. 

305. Mercator projection.—The only cylindrical projection widely used for navi- 
gation is the Mercator or equatorial cylindrical orthomorphic, named for its inventor 
Gerhard Kremer (Mercator), 2 Flemish geographer. It is not perspective and the 
parallels cannot be located by geometrical projection, the spacing being derived mathe- 
matically. The use of a tangent cylinder to explain the development of the projection 
has been used, but the relationship of the terrestrial latitude and longitude lines to 
those on the cylindcr is often carried beyond justification, resulting in misleading 
statements and illustrations. 

The distinguishing feature of the Mercator projection (fig. 305) emong cylindrical 
projections is that both the meridians and purallels are expanded at the same ratio 
with increased latitude. The expansion is equal to the secant of the latitude, with a 
small correction for the ellipticity of the earth. Since the secant of 90° is infinity, the 
projection cannot include the poles. Expansion is the same in all directions and angles 
are correctly shown, the projection being conformal. Rhumb lines appear as straight 
lines, the directions of which can be measured directly on the chart. Distances can also 
be measured directly, tc ,vactical accuracy, but not by a single distance scale over the 
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CHART PROJECTIONS 67 


entire chart, unless the spread of latitude is small. The latitude scale is customarily 
used for measuring distances, the expansion ef the scale being the same as that of 
distances at the same latitude. Great circles, except meridians and the equator, appear 
as curved lines concave to the equator (fig. 310a). Small areas appear in their correct 
shape but of increased size unless they are near the equator. Plotting of positions by 
latitude and longitude is done by means of rectangular coordinates, as on any cylindrical 
projection. 


ee unetenemnaianinanntinnidinmn ame pri 





Ficurr 305.—A Mercator map of the world. 


306. Meridional parts.—At the equator a degree of longitude is approximately 
equal in length to a degree of latitude. As the distance from the equator increases, 
degrees of latitude remain approxime-ely the same (not exactly beceuse the earth is 
not quite a sphere), while degrees of longitude become progressively shorter. Since 
degrees of longitude appear everywhere the same length in the Mercator projection, 

ae it is necessary to increase the length of the meridians if the expansion is to be equal in 
all directions. Thus, to maintain the correct proportions between degrees of latitude 
and degrees of longitude, the former are shown progressively longer ~< the distance 
from the equator increases (fig. 305). 

The length of the meridian, as thus increased between the equator anu any given : ke 
latitude, expressed in minutes of the ecuator as a unit, constitutes the number of 
meridional parts (M) corresponding to that latitude. Meridional parts, given in table 5 
for every minute of latitude from the equator to the pole, afford facilities for coa- 

as structing a Mercator chart and for solving problems in Mercator sailing. These values . 


1 (9a Me MARNE NRRL aN NE ONO EAA A mm mF WRN. TS 
: . 
Pee ee ee ee va? ie Sanity ton A So a chia 


; 




























































































































































































68 CHART PROJECTIONS 


are for the Clarke spheroid of 1866. The formula for meridional parts, given in the 
explanation to table 5, is derived from an integra! representing the exact relationship. 

307. Mercator chart construction—To construct a Mercator chart, first select 
the scale and then proceed as follows: 

Draw a series of vertical lines to represent the meridians, spacing them in accord- 
ance with the scale selected. If the chart is to include the equator, the distances of 
the various parallels from the equator are given directly in table 5, although it may be 
desirable to convert the tabulated values to more convenient units. Thus, if 1°(60) 
of longitude is to be shown as one inch, each meridional part will be %> or 0.01667 
inch in length. The distance, in inches, of any parallel from the equator is then deter- 
mined by dividing its m: ridional parts by 60 or multiplying them by 0.01667. 

If the equator is not to be included, the meridional difference (m) is used. This 
is the difference between the meridional parts of the various latitudes and that of the 
lowest parallel (the one nearest the equatcr) to be shown. Distances so determined 
are measured from the lowest paraliel. 

It is often desired to show a minimum area on a chart of limited size, to the largest 
possible scale. The scale 1s then dictated by the limitations. 

When the greticule has been completed, the features to be shown are loceted by 
means of the latitude and longitude scales. 

Example-—A Mercator chart is to be constructed at the maximum scale on a sheet 
of paper 35 X 46 inches, with a minimum two-inch margin outside the neatline limiting 
the charted area. The minimum area to be covered is lat. 44°-50° north and long. 
56°-68 west. 

Solution — Step one: Determine which dimension to place horizontal. From iable 5 
the meridional difference is: 

Ms,> 3456. 6 
My, 2929.6 


m 527.0 


The chart is to cover ut least 12° (68°—56°) of longitude. The longitude is therefore 
co cover a distance of 12 60=720 meridional parts. Since there are a greater number 
of meridional parts of longitude to be shown than of latitude, the Jong dimension is 
placed horizontal. 

Step two: Deterinine whether the latitude or longitude is the limiting scale factor. 
The number of inches available for latitude coverage is 31 (35 inches minus a two-inch 
margin top and bettom). If 527 meridional parts are to be shown in 31 inches, each 


meridional part will be 59770-05882 inch. There are 46—4=42 inches available for 
5 


- 


é ie ; 42 as 
longitude, and therefore the length of each meridional part will be 759 70 08888 


< 


inch. Thus, the longitude is the limiting scale factor, for all of the desired area could 
not be shown in the availabie space if the larger scale were to be used. Using the smaller 
scale, it is found that 39.74 inches (0.05833 527) will be needed to show the desired 
latitude coverage. The top and Dottom margins can be i_reased slighily, or additional 
latitude coverage can be shown. If it is desired to include the additional coverage, the 
amount can be determined by dividing the available space, 31 inches, by the scale, 
0.05833. This is 531.5 meridional parts, or 4.5 more than the minimum. By inspection 
of table 5, it is seen that the latitude can be extended either 3/3 below 44° or 2'9 above 
59°. Suppose it is decided that the margin will be increased slightly and only the desired 
minimum coverage shown. 
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CHART PROJECTIONS 


Step three: Determine the spacing of the meridians and parallels. Meridians 1° or 
60’ apart will be placed 60X0.05833=3.50 inches apart. Next, determine each degree 
of latitude separately. First, compute the meridional difference between the lowest 
paratlel and the various parallels to be shown: 


Muse 3013.5 My 3098.8 Myo 3105.7 Mag 3274.2 Mag 3364.5 Moo 3456.6 
Mus 2929.8 My 2929.6 My 2929.6 Mae 2929.6 Mur 2929.6 My 2929.6 


m 83.9 m 169.2 m 256.1 m 344.6 m 434.9 m 527.0 


Next, determine the distance of each parallel from that of L 44°N by multiplying its 
meridional difference by the scale. 0.05833: 

L 44° te L 45°=0.05833X 83.9= 4.89 in. 

L 44° to L 46°=0.05833 X169.2= 9.87 in. 

I, 44° to L 47°=0.05833 K 256. 1 = 14.94 in. 

J 44° to L 48°=-0.05833 X 344.6=20.10 in. 

L 44° to L 49°=0.05833 X434.9=25.37 in. 

7, 44° to L 50°=0.05833 X527.0-=30.74 in. 

Step four: \>-aw the graticule. Draw a horizontal line 2.13 inches eo 
from the bottom. This is the lower neatline. Label it “44°N.” Draw the right-hand 
neatline two inches from the edge. Lavel it o6°W.” Along the lower parallel measure 
off distances in units of 3.50 inches from \ 56°W at the right to \ 68°W at the left. 


ne 
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seat 


Along any meridian measure upward from the horizontal line a series of distences as 
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¥1guRE 307.—The graticule of a Mercator chart — I. 44°N to L 50°N and from » 56°W to 
4 68° W. 
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determined by the calculations above. Through these points draw horizontal lines 
to represent the parallels. Label the meridians and parallels as shown in figure 307. 

Step five: Mark off the latitude and longitude scales around the neatline. The 
scales can be graduated in units as small as desired. Determine the longitude scale 
by dividing the degrees into equal parts. Establish the latitude scale by computing 
each subdivision of a degree in the same manner as described above for whole degrees. 
In low latitudes degrees of latitude can be divided into equal parts without serious loss 
of accuracy. 

Step siz: Fill in the desired detail. 

In south latitude the distance between consecutive parallels increases toward 
the south. The top parallel is drawn first and distances measured downward from it. 
Latitude labels increase toward the south (down). 

In east longitude the longitude labels increase toward the east (right). 

308. Transverse and oblique Mercator projections.—If Mercator principles are 
used to construct a chart, but with the cylinder tangent along a meridian, a transverse 
Mercator or transverse cylindrical orthomorphic projection results. The word ‘‘in- 
verse’’ is sometimes used in place of “transverse” with the same meaning. If the cylinder 
is tangent at some great circle other than the equator or a meridian (fig. 308a), the 
projection is called oblique Mercator or oblique cylindrical orthomorphic. These 
projections utilize a fictitious graticule similar to but offset from the familiar network 
of meridians and parallels (fig. 308b). The tangent great circle is the fictitious equator. 





Figure 308a.—An oblique Mercator projection. 




















































































CHART PROJECTIONS 71 


Fictitious Pole 





Fiqvre 308b.—The fictivious graticule of an oblique Mereator 
projection. 


Ninety degrees from it are two fictitious poles. A group of great circles through these 
poles and perpendicular to the tangent. great circle are the fictitious meridians, while 
a series of circles parallel to the plane of the tangent great circle form the fictitious 
parallels. 

The actual meridians and parallels appear as curved ".aes (figs. 309, 310b, and 
322). 

A straight line on the transverse or oblique Mercator projection makes the same 
angle with all fictitious meridians, but not with the terrestrial meridians. It is therefore 
a fictitious rhumb line. Near the tangent great circle a straight line closely approxi- 
mates a great circle. It is in this area that the chert is most useful. 

The Universal Transverse Mercator (UTM) grid is a military g::d superimposed 
upon a transverse Mercator graticule, or the representation of these grid lines upon any 
graticule. 

This grid system and these projections are often used for large-scale (harbor) 
nuutical charts and military charts. 

309. Transverse Mercator projection.—A special case of the Mercator projection 
in which the cylinder is tangent along a meridian is called a transverse (inverse) Mer- 
cator or trensverse (inverse) cylindrical orthomorphic projection. Since the area of 
minimum distortion is near a meridian, this projection is useful for charts covering a 
large band of latitude and extending a relatively :hort distance on each side of the 
tangent meridian (fig. 309) or for charts of the polor regions (fig. 322). It is sometimes 
used for star charts showing the evening sky at various seasons of the year (figs. 
2205-2208). 

310. Oblique Mercator projection.—The Mercator projection in which the cylinder 
is tangent along a great circle other than the equator or a meridian is called an oblique 
Mercator or oblique cylindrical orthomorphic projection. ‘This projection is used prin- 
cipaily where it is desired to depict an area in the near vicinity of an oblique great 

circle, as, for instance, along the great-circle route between two importent, widely 
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Figere 309 —A transverse Mercator map of the western hemisphere. 


separated centers. Figure 310a is a Mercator map showing Washington and Moscow 
and the great urcle joining them. Figure 310b is nn obtique Mercator map with the 
great circle between these two centers as the tangent great circle or fictitious equator 
(as in fig. 308b). The limits of the chart of figure 310b are indicated in figure 310a. 
Note the large variation in scale as the latitude changes. 

311. Rectangular projection.—A cylindrical projection similar to the Mercator but 
with uniform spacing of the parallels is cailed a rectangular projecti«n (fig. 311). It is 
convenient for graphically depicting information where distortion is not important. 
‘The principal nevigational use of this projection is for the star chart of the Air Almance 
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Figure 310a —The great cirele between Washington and Moscow as it appears on a Mercator map. 
See figures 308b and 310b 


FIGURE 310b.—An oblique Mereator map basea upon a eylinder tangent along the great circle through 
Washington and Moscow. The map includes an area 5CO miles on each side of the great circle. 
The limits of this map are indicated on the Mercator map of figure 310a. 

(art. 2204), where positions of stars are plotted by rectangular coordinates representing 

declination (ordinate) and sidereal hour angle (abscissa). Since the meridians are 

narallel, the parallels of latitude Gncluding the quator and the poles) are all repre- 

sentea by lines of equal length. 


Conic Projections 


312. F: atures.—A conic projection is produced by transferring points from the 
surface of the earth to a cone or series of cones which are then cut along an clement 
and spread out flat to form the chart. If the axis of the cone coincides with the axis 
of the earth, the usual situation, the parallels appear as ares of circles and the meridians 
as either straight or curved lines converging toward the nearer pole. Excessive dis- 
tortion is usually avoided by limiting the area covered to that part of the cone near 
the surface of the earth. A parallel along which there is no distortion is called a standard 
parallel. Neither the transverse conic projection, in which the axis of the cone is in the 
equatorial plane, nor the oblique conic projection, in which the axis of the cone is 
oblique to the plane of the equator, are ordinarily used for navigation, their chief use 
being for illustrav.ve maps. : 

The appearance and features of conic projections ave varied by using cones tangent 
at various paralléls, using a secant (intersecting) cone, or by using a series of cones. 



















































































































Figure 311 —~A rectangular graticule. Compare with figure 305. 


313. Simple conic projection—A conic projection using a single tangent cone is 
called a simple conic projection (fig. 313a). The height of the cone increases as the 
latitude of the tangent parallel decreases. At the equator the height reaches infinity and 
the cone becomes a cylinder. At the pole its height is zero and it becomes a plane. As 
in the Mercator projection, the simple conic projection is not perspective, as only the 
meridians are projected geometrically, each becoming an element of the cone. When 
this is spread out flat to form a map, the meridians appear as straight lines converging 
at the apex of the cone. The standard parallel, or that at which the cone is tangent to 
the earth, appears as the arc of a circle with its center at the apex of the cone, or the 
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Figure 313a.—A simple conic projection. 
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CHART PROJECTIONS 75 


common point of intersection of all the meridians. The other parallels are concentric 
circles, the distance along any meridian between consecutive paralleis being in correct 
relation to the distance on the earth, and hence derived mathematically. The pole is 
represented by a circle (fig. 313b). The scale is correct along any meridian and along 
the standard parallel. All other parallels are too great in length, the error increasing 
with increased distance from the standard parallel. Since the scale is not the same in 
all directions about every point, the projection is not conformal, its principal disad- 
vantage for navigation. Neither is it an equal-area projection. 


90°E $ 





30°w 


Figure 313b.—A simple conic map of the northern hemisphere. 


Since the scale is correct along the standard parallel and varies uniformly on each 
side, with comparatively little distortion near the standard parallel, this projection is 
useful for mapping an area covering large spread of longitude and a comparatively 
narrow band of latitude. It was deve!uped by Claudius Ptolemy in the second century 
after Christ to map just such an area, the Mediterranean. 

314. Lambert conformal projection.—The useful latitude range of the simple conic 
projection can be increased by using a secant cone intersecting the earth at two standard 
parallels (fig. 314). The area between the two standard parallels is compressed, and that 
beyond is expanded. Such a projection is called a secant conic or conic projection with 
two standard parallels. 

If, in such a projection, the spacing of the parallels is altered so that the distortion 
is the same along them as along the meridians, the projection becomes conformal. 
This is known as the Lambert conformal projection, after its eighteenth century Alsatian 
inventor, Johann Heimich Lambert. It is the most widely used conic projection for 
navigation, though its use is more common among aviators than mariners. Its appear- 
ance is very much the same as that of the simple conic projection. If the chart is not 
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Figure 314.—A secant cone fo, a conic projection with two stand- 
ard parallels. 


carried far beyond the standard parallels, and if these are not a great distance apart, 
the distortion over the entire chart is small. A straight line on this projection so nearly 
approximates a great circle that the two can be considered identical for many purposes 
of navigation. Radio bearings, from signals which are considered to travel great circles, 
can be plotted on this projection without the correction needed when they are plotied 
on a Mercator chart. This feature, gained without sacrificing conformality, has made 
this projection popular for aeronautical charts, since airceft make wide use of radio 
aids to navigation. It has made little progress in replacing the Mercator projection for 
murine navigation, except in high latitudes. In a slightly modified form this projection 
has been used for polar charts (art. 321). 

315. Polyconic projection —The latitude limitations of the secant conic prejsction 
can be essentially eliminated by the use of a series of cones, resulting in a polyconic 
projection. In this projection each parallel is the base of a tangent cone (fig. 315a). 
At the edges of the chart the area between parallels is expanded to eliminate gaps. The 
scale is correct along any parallel and along the central meridian of the projection. 
Along other meridians the scale increases with increased difference of longitude from 
the central meridian. Parallels eppear as nonconcentric circles and meridians as curved 
lines converging toward the pole and concave to the central meridian. 

The polyconic projection is widely used in atlases, particvlarly for areas of large 
range in latitude and reasonably large range in longitude, as for a continent such as 
North America (fig. 315b). However, since it is not conformal, this projection is not 
customarily used in navigation, except for boat sheets used in hydrographic surveying. 
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Figure 3155.—A polyconic map of North America. 
Azimcuthal Projections 


316. Features.—If points on the earth are projected directly to a plane surface, a 
map is formed at once, without cutting and flattening, or “developing.” This can be 
considered a special case of a conic projection in which the cone has zero height. 

The simplest case of the azimuthal p-ojection is one in which the plane is tangent 
at one of the poles. The meridians are straight lines intersecting at the pole, and the 
parallels are concentric circles with their common center at the pole. Their spacing 
depends upon the method of transferring points from the earth to the plane. 

If the plane is targent at some point other than a pole, straight lines through the 
point of tangency are great circles, and concentric circles with their common center at 
the point of tangency connect points of equal distance from that point. Distertion, 
which is zero at the point of tangency, increases along any great circle through this 
poin:. Along any circle whose center is the point of tangency, the distortion is constant. 
The earing of any point from the point of tangency is correctly represented. It is for 
this reason that these projections are called azimuthal. They are also called zenithal. 
Several of the common azimuthal projections are prespective. 

317. Gnomonic projection—If{ a plane is tangent to the earth, and points are 
projected geometrically from the center of the earth, the result is a gnomonic projection 
(fig. 317a). This is probably the oldest of tne projections, believed to have been devel- 











= tne oa ment nent sn manineimmtn natin NMA NEMURTNIS KRU UA ARR 


<r e ERIE NNNG LERE NT R AAR RA TR N HAN  AM EEONMNRKNI owe mn Seve 








VAR UPA tH a achiral ba wratediehbndui., towns atedoll 





iy 


we del LAR te a cts one ads Re seed RLMA Des tones aida sanidtat, 





ca 


Uitsiuatilisn 


woh 


it 


arty 






me 
2 
= 
= 

Ee 
2 
3 
aL 












































































































































~ , a 


tntiaplan ual 





ibs 


wi 


Labi 


79 


Mousa Pa el la 


Lek seu © eee RUNNIN 



























Figure 317a.—An oblique gncmonic projection. 


oped by Thales about 600 BC. Since the projection is perspective, it can be demon- i 
strated by placing a light at the center of a transparent terrestrial globe and holding a 
flat surface tange-t to the sphere. 

For the oblique case the meridians appear as straight lines converging toward 
the nearer pole. The parallels, except tne equator, appear as curves (fig. 317b). As in 
all azimuthal projectiors, bearings from the point of tangency are correctly represented. 
The distance scale, however, changes rapidly. The projection is neither conformal nor 
equal area. Distortion is so great that shapes, as well as distances and areas, are very 
poorly represented, except near the point of tangency. 

The usefulness of the projection rests upon the one feature that any great circle 
appears on the map as a straight line. This is apparent when it is realized that a great 
circle is the fine of intersection of « sphere and a plane through the center of the sphere, 
this cenwr being the origin of the projecting rays for the map. This plane intersects 
any other nonparallel plane, including the tangent plane, in a straight line. It is this one 
useful feature that gives charts made on this projec ‘ion the common name great-circle 
charts. 

Gnomonic chers published by the Defense Mapping Agency Hydrographic Center 
bear instructions for determining direc ion and distance on the charts. The principal 
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Figure 317b.---A gnomonic map with point of 
tangency at latitude 30° N, Icngitude 90° W. 
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80 CHART PROJECTIONS 


navigational use of such charts is for plotting the great-circle track between points, 
for planning purposes. Points along the track are then transferred, by latitude and 
longitude, to the navigational chart, usually one on the Mercator projection. The great 
circle is then followed approximately by following the rhumb line from one point to the 
next (art. 813). 

318. Stereographic projection.—If points on the surface of the earth are projected 
geometrically onto a tangent plane, from a point on the surface of the earth opposite 
the point of tangency, a stereographic projection results (fig. 318a). Tt is also called an 
azimuthal orthomorphic projection. 

The scale of the stereographic projection increases with distance from the point 
of tangency, but more slowly than in the gnomonic projection An entire hemisphere 
can be shown on the stereographic projection without excessive distortion (fig. 318b). 
As in other azimuthal projections, great circles through the point of tangency appear as 
straight lines. All other circles, including meridians and parallels, eppear as circles or 
arcs of circles. 

The principal navigational use of the stereographic projection is for charts of the 
polar regions and devices for mechanical or graphical solution ef the navigational 
triangle (art. 2122). 

319. Orthographic projection.—If terrestrial points are projected geometrically 
from infinity (projecting lines parallel) to a tangent plane, an orthographic projection 
results (fig. 319a). This projection is neither conformal nor equal area and has no 
advantages as a map projection. Its principal navigational use is iu the field of naviga- 
tional astronomy, where it is useful for illustrating or graphically solving the naviga- 
tional triangle and for illustrating celestial coordinates. If the plane is tangent at a 
point on the equator, the usual case, the parallels (including the equator) appear as 
straight lines and the meridians as ellipses, except that the meridian through the point 
of tangency appears as a straight line and the one 90° away as a circle (fig. 319b). 

320. Azimuthal equidistant projection—An azimuthal projection in which the 
distance scale along any great circle through the point of tangency is constant is called 
an azimuthal equidistant projection. If a pole is the point of tangency, the meridians 
appear as straight radial lines and the parallels as concentric circles, equally spaced. 





Ficure 318s.—An equatorial stereographic pro- 
jection. 
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Fictre 318b.-—A stereographic map of the western hemisphere. 


Figcerr 319a.—An equatorial orthographic projection, 
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Figure 319b.—An orthographic map of the western hemisphere. 


If the plane is tangent at sore point other than a pole, the concentric circles represent 
distance from the point of tangency. In this case meridians and parallels appear as 
curves. The projection can be used to portray the entire earth, the point 180° from 
the point of tangency appearing as the largest of the concentric circles. The projection 
is neither conformal nor equal area, nor is it perspective. Near the point of tangency 
the distortion is small, but it increases with discance until shapes near the opposite 
side of the earth are unrecognizable (fig. 320). 

The projection is useful becouse it combines the three features of being azimuthal, 
having a constant distance scale from the point of tangency, and permitting the entire 
earth to be shown on one map. Thus, if an important harbor or airport is selected as the 
point of tangency, the great-circle course, distance, and track frem that point to any 
other point on the earth are quickly and accurately determined. For communication 
work at a fixed point, the point of tangency, the path of an incoming signal is at once 
apparent if the direct‘on of arrival has been determined. The direction to train a 
directional antenna for desired results can be determined easily. The projection is also 
used for polar charts and for the familiar star finder and identifier, No. 2102-D (art. 
2210). 

Polar Charts 


321. Polar projections.—Special consideration is given to the selection of pto- 
jections for polar charts, principally because the familiar projections become special 
cases with unique features. 

In the case of cylindrical projections in which the axis of the cylinder is parallel 
to the polar axis of the earth, distortion becomes excessive and the scale changes rapidly. 
Such projections cannot be carried to the poles. However, both the transverse and 
oblique Mercator projections are used. 

Conic projections with their axes parallel to the earth’s polar axis are limited in 
their usefulness for polar charts because parallels of latitude extending through a full 
360° of longitude appear es arcs of circles rather than full circles. This is because a 
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CHART PROJECTIONS 


Fiavre 320.--An azimuthal equidistant wap of the world with the point of tangency at latitude 
lo 


40° N, longitude 100° W. 

cone, when cut along an element and flattened, does not extend through a full 360° 
without stretching or resuming its former conical shape. The usefulness of such pro- 
jections is also limited by the fact that the pole appears as an arc of a circle instead 
of a point. However, by using a parallel very near the pole as the higher standard 
parallel, a conic projection with two standard parallels can be made which requires 
little stretching to complete the circles of the parallels and eliminate that of the pole. 
Such a projection, called the modified Lambert conformal or Ney’s projection, is useful 
for polar charts. It is particularly acceptable to those accustomed to using the ordinary 
Lambert conformal charts in lower latitudes. 

Azimuthal projections are in their simplest form when tangent at a pole, since the 
meridians are straight lines intersecting at the pole, and parallels are concentric circles 
with their common center at the pole. Within a few degrees of latitude of the pole 
they all look essentially alike, but as the distance becomes greater, the spacing of the 
parallels becomes distinctive in cach projection. In the polar azimuthal equidistant 
it is uniform; in the polar stereographic it increases with distance from the pole until 
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Fiaurr 321.—Expansion of polar azimuthal projections. 


the equator is shown at a distance from the pole equal to twice the length of the radius 
of the earth, or about 27% too much; in the polar gnomonic the increase is considerably 
greater, becoming infinity at the equator; in the polar orthographic it decreases with 
distance from the pole (fig. 321). All of these but the last are used for polar charts. 

322. Selection of a polar projection——The principal considerations in the choice 
of a suitable projection for polar navigation are: 

1. Conformality. It is desirable that angles be correctly represented so that plotting 
can be done directly on the chart, without annoying corrections. 

2. Greut-circle represen’uion. Since great circles are more useful than rhumb 
lines in high latitudes, it is desirable that great circles be represented by straight lines. 

3. Scale variation. Constant scale over an entire chart is desirable. 

4. Meridian representation. Straight meridians are desirable for convenience 
and accuracy of plotting, and for grid navigation (art. 2510). 

5. Limits of utility. Wide limits are desirable to reduce to a minimum the number 
of projections needed. The ideal would be a single projection for world coverage. 

The projections commonly used for polar charts are the transverse Mercator, 
modified Lambert conformal, gnomonic, stereographic, and azimuthal equidistant. 
Near the pole there is little to chouse betvveen them. Within the limits of practical 
navigation all are essentially conformal and en all a great circle is nearly a straight line. 

As the distance from the pole increases, however, the distinctive features of each 
projection hecome a consideration. The trunsverse Mercator is conformal and its type 
of distortion is familiar to one accustomed to using a Mercator chart. Distances can 
be measured in the same manner as on any Mercator chart. The tangent meridian 
and all straight lines perpendicular to it are great circles. All other great circles, including 
the meridians, are curves. fhe departure of a grea! circle from a straight line becomes 
& maximum at the outer edges parallel to the trngent meridian, where the straight 
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_ lines are nearer the pole than the arcs of great circles between the same points. A slight 
’ inconvenience in measurement of angles may result from the curvature of the meridians 
: (fig. 322). The projection is excellent for a narrow band slong the tengent meridian 
and for use with automatic navigation equipment generating transverse latitude and 
transverse longitude. 

The modified Lambert conformal projection is virtually conformal over its entire 
extent, and the amount of its scale distortion is comparatively little if it is carried only to 
about 25° or 30° from the pole. Beyond this, the distortion increases rapidly. A great 
circle is very nearly a straight line anywhere on the chart. Distances and directions 
can be measured directly on the chart in the same manner as on a Lambert conformal 
chart. However, for highly accurate work this projection is not suitable, for it is not 
s‘rictly conformal, and great circles are not exactly straight lines. 

The polar gnomonic projection is the one polar projection on which great circles 
are exactly straight lines. The excessive distortion and lack of conformality of this 
projection make it unsuitable for ordinary navigation. 

The polar stereographic projection is conformal over its entire extent, and a great 
circle differs but little from a straight line. The scale distortion is not excessive for a 
considerable distance from the pole, but is greater than that of the modified Lambert 
conformal projection. 





Figure 322.—A polar transverse Mercator map with the cylinder tangent 
at the 90° E-90° W meridian. 
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CHART PROJECTIONS 


The polar azimuthal equidistant projection is useful for showing a large area such 
as a hemisphere, because there is no expansion along the meridians. However, -the 
projection is not conformal, and distances cannot be measured accurately in any but 
a north-south direction. Great circles other than the meridians aiffer somewhat from 
straight lines. The equator is a circle centered at the pole. 

The three projections most commonly used for charts for ordinary navigation 
near the poles are the transverse Mercator, modified Lambert conformal, and the 
polar stereographic. When a directional gyro is used as a directional reference, the track 
of the craft is approximately a great circle. A desirable chart is one on which a great 
circle is represented as a straight line with a constant scale and with angles correctly 
represented. These requirements are not met entirely by any single projection, but 
they are approximated by both the modified Lambert conformal and the polar stereo- 
graphic. The scale is more nearly constant on the former, but the projection is not 
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strictly conformal. The polar stereographic is conformal, and its maximum scale | 


variation can be reduced by using a plane which intersects the earth at some parallel 
intermediate between the pole and the lowest parallel, so that that portion within 
this standard parallel is compressed, and that portion outside is expanded. 

The selection of a suitable projection for use in polar regions, as in other areas, 
depends upon the requirements, which establish relative importance of the various 
features. For a relatively small area, any of several projections is suitable. For a large 
area, however, the choice is more critical. If grid directions (art. 2510) are to be used, 
it is important that all units in related operations use charts on the same projection, 
with the same standard parallels, so that 1 single grid direction exists between any 
two points. Nuclear powered sub--arine operations under the polar icecap have in- 
creased the need for grid directi. arine navigation. 


ating Sheets 


323. Definition and use.—A position plotting sheet is a plotting sheet designed 
primarily for plotting the dead reckoning and lines of position obtained from celestial 
observations or radio aids to navigation. It has the latitude and longitude graticule, 
and it may have one or more compass roses (art. 516) for measuring direction, but 
little or no additional information. The meridians are usually unlabeled by the 
publisher so the plotting shc:* can be used for any longitude. 

Plotting sheets are less expensive to produce than charts and are equally suitable 
or superior for some purposes. They are used primarily when land, visual aids to 
navigation, and depth of water are not important. 

Any projection can be used for constructing a plotting sheet, but that used for 
the navigator’s charts is customarily employed also for his plotting sheets. 

324. Small area plotting sheets—A Mercator plotting sheet can be constructed 
by the method explained in article 307. For a relatively small area a good approxima- 
tion can be more quickly constructed by the navigator by either of two alternative 
methods besed upon a graphical solution of the secant of the latitude, which approxi- 
mates the e. pansion. 

First method (fig. 324a). Step one. Draw a series of equally spaced, vertical lines 
at any spacing desired. These are the meridians; label them at any desired interval, as 
1’, 2’, 5’, 10’, 30’, 1°, ete. 

Step two. Through the center of the sheet draw a horizontal line to represent the 
parallel of the mid latitude of the area to be covered, and label it. 

Step three. Through any convenient point, such as the intersection of the central 
meridian and the parallel of the mid latitude, draw a line making an angle with the 
horizontal equal to the mid latitude. In figure 324a this angle is 35°. 
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Figure 324a.—Small area plotting sheet with selected longitude scale. 


Step four. Draw in and label additional parallels. The length of the oblique Ime 


b.tween consecuti-e meridians is the perpendicular distance between consecutive 
parallels, as shown by the broken arc. ‘The number of minutes of arc between consec- 
utive parallels thus drawn is the same as that between the meridians shown. 

Step five. Graduate the oblique line into convenient units. If 1’ is selected, this 
scale serves as both a latitude and mile scale. It can also be used as a longitude scale 
by measuring horizontally from a meridian instead of obliquely along the line. 

Second method (fig. 324b). Step one. At the center of the sheet draw a circle 
with a radius equal to 1° (or any other convenient unit) of latitude at the desired scale. 
If a sheet with a compass rose is available, as in figure 324b, the compass rose can be 
used as the circle and will prove useful for measuring directions. It need not limit the 
scale of the chart, as an additional concentric circle can be drawn and desired gradua- 
tions extended to it. 

Step two. Draw horizontal lines through the center of the circle and tangent at 
the top and bottom. These are parallels of latitude; label them accordingly, at the 
selected interval (as every 1°, 30’, etc.). 

Step three. Through the center of the circle draw a line making an angle with 
the horizontal equal to the mid latitude. In figure 324b this angle is 40°. 

Step four. Draw in and label the meridians. The first is a vertical line through 
the center of the circle. The second is a vertical line through the intersection of the 
oblique line and the circle. Additional meridians are drawn the same distance apart 
as the first. two. 

Step five. Graduate the oblique linc into convenient units. If 1’ is selected, this 
scale serves as a latitude and mile scale. It can also be used as a longitude scale by 
measuring horizontaily from a meridian instead of obliquely along the line. 
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Figure 324b.—Small area plotting sheet with selected latitude scale. 


The same end result is produced by either method. The first method, starting with 
the selection of the longitude scale, is particutarly useful when the longitude limits of the 
plotting sheet determine the scale. When the latitude coverage is more important, the 
second method may be preferable. If a standard size is desired, part of the skeet can be 
printed in advance, forming what is called a universal plotting sheet. This is done by the 
Defense Mapping Agency Hydrographic Center. In either method a central compass 
rose might be printed. In the first method the meridians may be shown at the desired 
interval and the mid parallel may be printed and graduated in units of longitude. In 
using the sheet it is necessary only to label the meridians and draw the oblique line 
and from it determine the interval and draw in and label additional parellels. If the 
central meridiai. is graduated, the oblique line need not be. In the second method the 
parallels may be shown at the desired interval, and the central meridian may be printed 
and graduated in units of latitude. In using the sheet it is necessary only to label the 
parallels, draw the oblique line and from it determine the interval and draw in and label 
additional meridians. If the central meridian is graduated, as shown in figure 324b, the 
oblique Jine need not be. 

Both methods use a constant relationship of latitude to longitude over the entire 
sheet and both fail to allow for the ellipticity of the earth. For practical navigation these 
are not important considerations for a small area. If a larger area is to be shown or if 
more precise results are desired, the method of article 307 should be used. 
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CHART PROJECTIONS 89 
Grids 


325. Purpose and definition of grid—No system has been devised for showing 
the surface of the earth on a fla? surface, without distortion. Moreover, the appearance 
of any portion of the surface varies with the projection and, in many cases, with the 
location of the portion with respect to the point or line of tangency. For some pur- 
poses (particularly military) it is desirable to be able to identify a location cr area by 
rectangular coordinates, using numbers or letters, or a combination of numbers and 
letters, without the necessity of indicating the units used or assigning a name (north, 
south, east, or west), thus reducing the possibility of a mistake. This is accomplished 
by means of a grid. In its usual form this consists of two series of lines which are mutually 
perpendicular on the chart, with suitable designators. 

326. Types of grids.—A grid may use the rectangular graticule of the Mercator 
projection, or a set of arbitrary lines on a particular projecticn. The most widely used 
system of the first is called the World Geographic Referencing System (Georef). It 
is merely a method of designating latitude and longitude by a system of letters and 
numbers instead of by angular measure, and therefore is not strictly a grid, except on a 
Mercator projection. It is particularly useful for operations extending over a wide area. 
Examples of the second type of grid are the Universal Transverse Merctor (UTM) grid, 
the Universal Polar Stereographic (UPS) grid, and the Temporary Geographic Grid 
(TGG). Since these systems are used primarily by military forces, they are sometimes 
called military grids. 
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CHAPTER IV 
VISUAL AND AUDIBLE AIDS TO NAVIGATION 


401. Introduction.—The term aid to navigation, as used herein, means any device 
external to a vessel intended to be of assistance to a navigator in his determination of 
position or safe course, or to provide him with a warning to dangers or obstructions to 
navigation. This term includes lighthouses, beacons, lightships, sound signals, buoys, 
marine radiobeacons, racons, and the medium and long range radionavigation systems. 
The discussion of the various aids to navigation in this chapter is limited to the visual 
and audible aids established in the navigable waters of the United States and its 
possessions. 

Aids to navigation are placed at various points along the coast and navigable 
waterways as markers and guides to mark safe water and to provide navigators with 
means to determine their position with relation to the land and to hidden dangers. 
Within the bounds of actual necessity, each aid is designed to be seen or heard so that it 
provides the necessary system coverage to enable safe transit of a waterway. 

As ali aids to navigation serve the same general purpose, structural differences, 
such as those between an unlighted buoy and a lightship, are solely for the purpose of 
meeting the conditions and requirements of the particular location at which the aid is 
established. 

The maintenance of marine aids to navigation is a function of the United States 
Coast Guard. This responsibility includes the maintenance of lighthouses, lightships, 
radiobeacons, racons, Loran, sound signals, buoys, and beacons upon all navigable 
waters of the United States and its possessions, including the Atlantic and Pacific 
coasts of the continenta! United States, the Great Lakes, the Mississippi River and its 
tributaries, Puerto Rice, the U.S. Virgin Islands, the Hawaiian Islands, Alaska, Trust 
Territory of the Pacific Islands, and such other places where aids to navigation are 

required to serve the needs of the armed forces. 


Lights on Fixed Structures 


402. Lights on fixed structures vary from the tallest lighthouse on the coest, flash- 
ing with an intensity of millions of candlepower, to a simple battery-powered lantern 
on a wooden pile in a small creek. Being in fixed positions enabling accurate charting, 
lights provide navigators with reliable means to determine their positions with relation 
to land and hidden dangers during daylight and darkness. The structures are often 
distinctively colored to facilitate their observation during daylight. 

A major light is a light of high intensity and reliability exhibited from a fixed 
structure or on a marine site (except range lights). Major lights include primary sea- 
coast lights and secondary lights. Primary seacoast lights are those major lights estab- 
lished for the purpose of making landfalls and coastwise passages from headland to 
headland. Secondary lights are those major lights, other than primary seacoast lights, 
established at herbor entrances and other locations where high intensity and relia- 


bility are required. Major lights are usually located at manned or monitored automated 
stations. 
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. A minor light is an automatic unmanned (unwatched) light on a fixed structure 
* showing usually low to moderate intensity. Minor lights are established in harbors, 

along channels, rivers, and isolated locations. They usually have the same numbering, 
> coloring, and light and sound characteristics as the lateral system of buoyage (art. 411). 





MASONRY STRUCTURE 


CYLINDRICAL TOWER SQUARE 
HOUSE ON CYLINDRICAL BASE 





Mf 





CYLINDRICAL CAISSON STRUCTURE SKELETON 


RON STRUCTURE 


Fioure 4022.—Typicsl ligkt structures. 
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Lighthouses (fig. 4C2a), all of which exhibit major lights, are placed where they will 
be of most use: on prominent. headlands, at entrances, on isolated dangers, or at other 
points where it is necessary that mariners be warned or guided. Their principal purpose 
is to support a light at a considerable height above the water. In many instances, sound 
signals, radiobeacon equipment, and operating personnel are housed in separate build- 
ings located near the tower: Such a group of facilities is called a light station. 

Many of the lighthous.s which were originally tended by resident keepers are now 
operated automatically. There are also many automatic lights on smaller structures 
maintained through periodic visits of Coast Guard cutters or of attendants in charge 
of a group of such aids. The introduction of new automatic apparatus means that the 

% relative importance of lights cannet he judged on the basis of whether or not they have 
resident keeners. 
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Figure 402b.—Typical offshere light station. en 
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Offshore light stations and large navigational buoys (art. 408) are replacing light- 
ships (art. 407) where practicable. The offshore light stations in U. S. waters, such as the 
one shown in figure 402b have helicopter landing surfaces. In the 1975 Light List, the 
CHESAPEAKE LIGHT station is described as a blue tower on a white square superstructure 
on four black piles. ‘““cHESAPEAKE” is on sides; the piles are floodiighted sunset to sunrise. 

Range lights (fig. 402c) are pairs of lights so located as to form a range in line with 
the center of channels or entrance to a harbor. The rear light is higher than the front 
light and a considerable distance in back of it, thus enabling the mariner to use the 
range by keeping the lights in line as he progresses up the channel. Range lights are 
sometimes used during daylight hours through the use of high intensity lights. Otherwise, 
the range light structures are equipped with daymarks (art. 412) for ordinary daytime 
use. 

Range lights are usually white, red, or green, and display various characteristics to 
differentiate them from surrounding lights. 
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Fiecre 402c.—Range lights. 


A directional light is a single light which projects a beam of high intensity, separate 
color, or special characteristic in a given direction. It has limited .se for those cases 
where a two-light range may not be practicable or necessary, and for special appli- 
cations. The directional light is essentially a narrow sector tight with or without ad- 
jacent sectors which give information as t-. the direction of and relative displacement 
from the narrow sector. 

Aeronautical lights, which are lights of high intensity, may be the first lights 
observed at night from vessels approaching the coast. Those situated near the coast 
are accordingly listed in the List of Lights (art. 1301) in order that the navigate: may 
be able to obtain more complete information concerning their description. These lights 
are not listed in the U.S. Coast Guard Light List. 

Aeronautical lights are placed in geographic sequence in the body of the text 
of the List of Lights along with lights for marine navigation. It should be borne in mind, 
however, that these lights are not designed or maintained for marine navigation, end 
that they are subject to changes of which neither lighthouse authorities nor the marine 
navigator may reccize prompt notification. 
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Bridges across navigable waters of the United States are genetally marked with red, 
green, and white lights for nighttime navigation. Red lights mark piers and other parts 
of the bridge. Red lights are also used on drawbridges to show when they are in the closed 
position. Green lights are used to mark the centerline of navigable channels through 
fixed bridges. The preferred channel, if there ars two or more channels through the 
bridge, is marked by three white lights in a vertical line above the green light. 

Green lights are also used on drawbridges to show when they are in the open 
position. Because of the variety of drawbridges, the position of the green lights on the 
bridge will vary according to the type of structure. Navigational lights on bridges are 
prescribed by regulation. 

Bridges infrequently used may be unlighted. In unusual cases the type and method 
of lighting may be different than normally found. 

Drawbridges required to be operated for passage of vessels operate upon sound and 
light signals given by the vessel and acknowledged by the bridge. These signals are pre- 
scribed by regulation. 

In addition to lighting, certain bridges may be equipped with sound signals and 
radar reflectors where unusual geographic or weather conditions require them. 


Light Characteristics 


403. Characteristics.—Lights are given distinctive characteristics so that one 
light may be Jistinguished from another navigational light or from the general back- 
ground of shore lights er as a means of conveying certain definite information. This 
distinctiveness may be obtained by giving each light a distinctive sequence of light and 
dark intervals, having lights that burn steadily aad others that flash or occult, or by 
giving each light a distinctive color, or celor sequence. In the tight lists, the dark 
intervals are referred to as eclipses. An occulting light is a light totally eclipsed at 
regular intervals, the duration of light always being greater than the duration of 
darkness. A flashing light is a light which flashes at regular intervals, the duration of 
light always being less than the duration of darkness. An equal interval light is a light 
which flashes at regular intervals, the duration of ligkt alwars being equal to the dura- 
tion of darkness. This light is also called an isophase light. 

404. Light phase characteristics (fig. 404) are the distinctive sequences of light 
and dark intervals or distinctive sequences in the variations of the luminous intenaty 
of a light. The light phase characteristics of lights which change color do not differ 
from those of lights which do not change color. A continuous steady light which shows 
periodic color change is described as an alternating light. The alternating characteristic 
is also used with other light phase characteristics as shown in figure 404. 

A Light List entry for an alternating fixed and flashing light may be given as: 

Alt. FLW., FR. and Fi. R. 

90° (F.W., 59°, F-R., 14%, 

Fl. R. 3° (high intersity), 

FR. 14°). 
With each 9C* period the iight is first fixed white for 59*, then fixed red for 14°, then 
there is a fiash of brilliant red for 3*, and finally the light is fixed red for 14°. 

A Light List entry for a group flashing light may be given as: 


Gp. Fi. W., 15° 
0.2° f1., 3.0° ec. 
0.2° fi., 11.6° ec. 
2 flashes. 
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LIGHT PHASE 
DESCRIPTION 


A continuvus steady 
Tnght 


A fixed bight saned 
at resgularinter 
vale by a flashof 
wteater brilliance 


A fixed bght varied 
atregutariatervais 
by groups of 208 
more flashes of 
reater briliance 


Showing a single 
Gash at rexular 
intervals tte 
duration of ight 
always being leas 
than the duration 
of darkness 


Showing at regular 
intervals groupes 
‘of 2o¢ more Tashes 


‘Light flastes are 
combined in alters 
nate groups of 
different numbers 


Light in which Mashes 
of different dura 
Gon are gmuped 
tnsuch a manner as 
topreduce a Morse 
character or char- 
acters 


Shows not less than 
flashes per min 
ure 


Shows quick flashes 
for about $ seconds, 
followed by a dark 
period of about 5 
seconds 


Laght with all dura 
trons of hight and 
darkness equal 


Aloght toulls 
eclipsed at rexular 
inervals the dure 
toon of ight always 
wteater than the 
duration of darkness 


Alight attha group 
of Zoe more eclipses 
at regular inter als 


A lghtin which the 
cacultations are 
combined in alter> 
nate groups of 
different numbees 


LIGHT PHASE CHARACTERISTICS 


SHOWS NOT MORE THAN 30 FLASHES PER MINUTE 
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Figure 404.—Light phase characteristics. 


LIGHT PHASE 


Lughts whch Lights which 
donot change show color 
oboe sariations 


Ait = Alter- 
hating 


Al PFS 
Alternating 
fixed and 
Mashos 


Alt FGp FI 
= Alternat: 
ing fixed 
and group 
flashing 


F FL -Facy 
and Mashing 


FGpFi ~ 
Fined and 
Krouy flash 
ang 


AN FT = 
Alteraating 
Mashing 


FI ~ Flashing 


AluGp Fl = 
Alternating 
group flash: 
10g 


Gp Mh = 
Group flash 
ng 


Gp Pl +2) 
= Composite 
group fash 
Ing 


Qh FI « 
Quick Flash 
tng 


EQh Ft - 

Interrupted 
quick flash 
ing 


Iso 

Tsoghase 

‘E Int «+ 
Equal interval) 


Alt Oce 
Alternating 
oceulting 


Oce = Occult- 
Ing 


Gp Occ 
Group Oreult= 
ing 


Gp Oce (263) 
= “oraposite 
group oceult- 
ing 


Within each 15* period, there is first a white flash of 0'2 duration, the light is eclipsed 
(extinguished) for 3°, then there is a white flash of 0%2 duration, and then the light 


is eclipsed for 116 before the sequence begins again. 
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A Light List entry for a composite group fiashing light may be given as: 


Gp. FI.W. (1+2), 15° 
0.2°f1., 5.8% ec. 

0.2°fl., 2.8° ec. 

0.24#1., 5.8° ec. 

3 flashes. 


Within each 15° period, there is first a white flash of 02 duration, the light is eclipsed 
for 58, then there is a white flash of 0%2 duration, the light is eclipsed for 2°8, and 
then there is a 02 duration white flash followed by a 5!8 eclipse. Thus, the first group 
consists of a single flash; the second group consists of two flashes. This is indicated by 
the (1+2) notation. 

Most lighted aids to navigation sre automatically extinguished during daylight 
hours by switches activated by daylight. These switches are not. of equal sensitivity. 
Therefore, all iights do not come on or go off at the same time. Mariners should take 
this fact into account when identifying aids to navigation during twilight periods 
when some lighted aids are on while others are not. 

405, Sectors of colored giass or plastic are plac-d in the lanterns of certain lights 
to mark suv.is or to warn mariaers off the nearby land. Lights so equipped show one 
color from most directions and a different color or colors over definite arcs of the horizon 
as indicated in the light lists and upon the charts. A sector changes the color of a light, 
when viewed from certain directions, but not the characteristic. For example, a flashing 
white light having a red sector, when viewed from within the sector, will appear flashing 
red. 

Sectors may be but a few degrees in width, marking an isolated rock or shoal, or 
of such width as to extend from the direction of the deep water toward shore. Bearings 
referring to sectors are expressed in degrees as observed from a vessel toward the light. 

In the majority of cases, water areas covered by red sectors should be avoided, 
the exact extent of the danger being determined from an examination of the charts. 
In some cases a narrow sector may mark the best water across a shoal. A narrow sector 
may also mark a turning point in a channel. 

The transition from one color to the other is not abrupt, but changes through 
an cre of uncertainty of about 2° or less, which depends upon the optical design of 
the components of the lighting apparatus. 

406. Factors affecting visua! range and apparent characteristics —The condition 
of the atmosphere has a considerable effect upon the distance at which lights can be 
seen. Sometimes lights are obscured by fog, haze, dust, smoke, or precipitation which 
may be present at the light or between it and the observer, but not at the observer 
and possibly unknown to him. On the other hand, refraction may often cause a light 
to be seen farther than under ordinary circumstances. A light of low intensity will be 
easily obscured by unfavorable conditions of the atmosphere and less dependence can 
be placed on its being seen. For this reason, the intensity of a light should always be 
considered when e secting to sight it in thick weather. Haze and distance may reduce 
the apparent duration of the flash of a flashing light. In some conditions of t .c atmos- 
phere white lights may have a reddish hue. In clear weather green lights may have a 
whitish hue. 

It should be remembered that lights placed at great elevations are more frequently 
obscured by clouds, mist, and fog than those near sea level. 

In regions where ice conditions prevail in the winter, the lantern panes of un- 
attended lights may become covered with ice or snow, which will greatly reduce the 
luminous ranges of the lights and mey also cause lights to appear of diferent color. 
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The increasing use of brilliant shore lights for advertising, illuminating bridges, 
and other purposes, may cause navigational lights, particularly those in densely 
inhabited areas, to be outshone and difficult to distinguish from the background lighting. 
Mariners are requested by the U.S. Coast Guard to report such cases as outlined above 
in order that steps may be taken to attempt to improve the conditions. 

The “loom” of a powerful light is often seen beyond the geographic range of the 
light. ‘The loom may sometimes appear sufficiently sharp to obtain a bearing. 

At short distances, some of the brighter flashing lights may show a faint continuous 
light between flashes. 

It should be borne in mind that, when attempting to sight a light at night, 
the geographic range is considerably increased from aloft. By noting a star immediately 
over the light an accurate compass bearing may be indirectly obtained on the light 
from the navigating bridge although the light is not yet visible from that level. 

The distance of an observer from a light cannot be estimated by its apparent 
intensity. Always check the characteristics of lights in order that powerful lights visible 
in the distance shall not be mistaken for nearby lights showing similar characteristics 
at lower intensity (such as those on lighted bucys). 

If lights aro not sighted within a reasonable time after prediction, a dangerous 
situation may exist requiring prompt resolution or action to insure the safety of the 
vessel, 

The apparent characteristic of a complex light may change with the distance 
of the observer. For example, a Jight which actually displays a characteristic of fixed 
white varied by flashes of alternating white and red (the phases having a decreasing 
range of detection in the order: flashing white, flashing red, fixed white) may, when 
first sighted in clear weather, show as a simple flashing white light. As the vessel draws 
nearer, the red flash will become visible and the characteristic will apparently be 
alternating flashing white and red. Later, the fixed white light will be seen between 
the flashes and the true characteristic of the light finally recognized—fixed white, 
alternating flashing white and red (F.W.AIt.Fl. W. and R.). 

There *s always the possibility of a light being extinguished. In the case of un- 
attended lights, this condition might not be immediately detected and corrected. The 
mariner should immediately report this condition. During periods of armed conflict, 
certain lights may be deliberately extinguished without notice if the situation warrants 
such action. 

Lightships and Large Navigational Buoys 


407. Lightships serve the same purposes as lighthouses, being equipped with lights, 
sound signals, and radiobeacons. They take the form of ships only because they are 
placed at points where it has been impracticable to build lighthouses. Lightships mark 
the entrances to important harbors or estuaries and dangerous shoals lying in much fre- 
quented waters. They also serve as leading marks for Loth transocean and coastwwise 
traffic. The two lightships in United States waters are painted red with the name of the 
station in white on both sides. Superstructures are white; masts, lantern galleries, 
ventilators, and stacks are painted buff. Relief lightships are painted the samo as 
the regular station ships, with the word “RELtEr’”’ in white letters on the sides. 

By night a lightship displays a characteristic masthead light and a less brilliant 
light on the forestay. The forestay indicates the direction in which the vessel is headed, 
and hence the direction of the current (or wind), since lightships head into the wind or 
current. By day a lightship displays the International Code signal of the station when 
requested, or if an approaching vessel does not seem to recognize it. 
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It should be borne in mind that most lightships are arichored to a very long scope 
of chain and, as a result, the radius of their swinging circle is considerable. The chart 
symbol represents the approximate location of the anchor. Furthermore, under certain 
conditions of wind and current, they are subject to sudden and unexpected sheers 
which are certain to hazard a vessel attempting to pass close aboard. 

During extremely heavy weather and due tc their exposed locations, lightships 
may be carried off station without the knowledge and despite the best efforts of their 
crews. The mariner should, therefore, not implicitly rely on a lightship maintaining its 
precisely charted position during and immediately following severe storms. A lightship 
known to be off station will secure her light, sound signal, and radiobeacon and fly 
the International Code signal “Lo” signifying “I am not in my correct position.” 

Station buoys, often.celled watch buoys, are sometimes moored near lightships to 
mark the approximate station should the lightship be carried away or temporarily 
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Ficure 408.—Large navigationa’ buoy. 
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removed and to give the crew an indication of dragging. Since these buys are always 
unlighted and, in scme cases, moored as much as a mile from the lightship, the danger 
of a closely passing vessel colliding with them is always present—particularly so during 
darkness or periods of reduced visibility. 

Experience shows that lightships and offshore light stations cannot be safely used 
as leading marks to be passed close aboard, but should always be left broad of the 
course, whenever searoom permits. 

408. Large navigational buoys and offshore light stations are replacing lightships 
where practicable. These 40-foot diameter buoys (fig. 408) may show secondary lights 
(art. 402) from heights of about 36 feet above the water. In addition to the light, these 
buoys may mount a radiobeacon end provide sound signals. A station buoy (art. 407) 
may be moored nearby. 


Buoyage and Beaconage 


409. Buoys are used to delineate channels, indicate shoals, mark obstructions, 
and warn the mariner of dangers where the use of fixed aids for such purposes would 
be uneconomical or impracticable. By their color, shape, number, and light or sound 
charactetistics, buoys provide indications to the mariner as to how he may avoid navi- 
gational hazards. 

There are many different sizes and types of buoys to meet the wide range of 
environmental conditions and user requirements. The principle types of buoys used 
= by the United States are lighted, lighted sound, unlighted sound, and unlighted. Some 
- examples of these types are illustrated in figure 409a. 

A lighted buoy consists of a floating hull with a tower on which a lantern is mounted. 
Batteries to power the light are contained in special pockets in the buoy hull. To keep 
the buoy in an upright stable position a large counterweight (fig. 409b) sometimes is 
extended from a tube attached to the base of the hull below the water surface. The 
radar reflector (art. 4801), on those buoys so equipped, forms a part of the buoy tower. 

Lighted sound buoys have the same general configuration as lighted buoys but 
are equipped with either a gong, bell, whistle, or electronic horn. Bells and gongs on 
buoys are sounded by tappers that hang from the tower and swing as the buoys roll in 

the sea. Bell buoys produce sound of only one tone; gong buoys produce several tones. 

Whistle buoys make a loud moaning sound caused by the rising and falling motions 
of the buoy in the sea. A sound buoy equipped with an electronic horn will produce a 
pure tone at regvirr intervals and will operate continually regardless of the sea state. 

Unlighted sound buoys have the same general appearance as lighted buoys (except 
for old whistle buoys) but are not equipped with any light apparatus. 

Unlighted buoys have either a can or nun shape. Can buoys have a cylindrical 
shape whereas nun buoys have a conical shape usually located on top of a cylindrical 
shape. Since these buoys are unlighted there is no requirement for battery pockets, 
and the hull of the buoy forms part of the shape. 

Buoys are floating aids and therefore require moorings to hold them in position. 
Typically the mooring consists of chain and a large concrete sinker (fig. 409c). Because 
buoys are subjected to waves, wind, tides, and other conditions, the moorings must 
be deployed in lengths greater than the water depth. The scope of chain can be as much 
as 5 times the depth of water or more but normally will be about 3 times the water 
depth. For this reason the buoy can be expected to swing in a circle as the current, 
wind, and wave conditiuns change. 

410. Fallibility uf buoys.—It is imprudent for a navigator to rely on floating aids to 
navigation to always maintain their charted positions and to constantly and unerringly 
display their advertised characteristics. 
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Freure 409a.—Principal types of buoys in U.S. waters. 
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Ficure 409b.—Buoy showing counterweight. Ficure 409c.—Sinkers used to anchor bouys. 


The buoy symbol shown on charts indicates the approximate position of the buoy 
body and the sinker which secures the buoy to the seabed. The approximate position 
is used because of practical limitations in placing and keeping buoys and their sinkers 
in exact geographical locations. These limitations include, but ave not limited to, in- 
herent inaccuracies in position fixing methods, prevailing atmospheric and sea condi- 
tions, the slope of and the material making up the seabed, the fact that buoys are moored 
to sinkers with more chain than the water depth, and the fact that the positions of the 
buoys and the sinkers are not under continuous surveillance but are normally checked 
only during periodic maintenance visits which often occur more than a year apart. The 
position of the buoy can be expected to shift inside and outside the area shown by the 
the chart symbol due to the forces of nature. The mariner is also cautioned that buoys 
are liable to be missing, shifted, overturned, etc. Lighted buoys may be extinguished 
or sound signals may not function because of ice, running ice, natural causes, collisions, 
or other accidents. 

For these reasons, a prudent mariner must not rely completely upon the position 
or operation of buoys, but will also navigate using bearings of charted features, struc- 
tures, and aids to navigation on shore. Further a vessel attempting to pass too close 
always risks a collision with a yawing buoy or with the obstruction which the buoy 
marks. 

The concept that a wreck buoy always occupies a position directly over the 
wreck it is intended to mar is erroneous. Buoys must be placed in position by a vessel. 
It is usually physically impossible for these vessels to maneuver directly over a wreck 
to place the sinker without incurring serious underwater damage. For this reason, a 
wreck buoy is usually placed on the seaward or channelward side of a wreck, the proxim- 
ity thereto being governed by existing conditions. To avoid confusion in some situations, 
two buoys may be used to mark the wreck. Both may not be located on the seaward 
or channelward side of the wreck, but the wreck will lie between them. Obviously, 
the mariner should not attempt to pass between buoys so placed. 
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Sunken wrecks are not always static. They are sometimes moved away from their 
buoys by severe sea conditions or other causes. Just as shoals may shift away from tho 
buoys placed to mark them, wrecks may shift away from wreck buoys. 

All buoys should, therefore, be regarded as warnings, guides, or aids but not as infallible 
namgation marks, especially those located in exposed positions. Whenever possible, 2 
mariner should navigate by bearings or angles of reliable and identifiable fixed charted 
features or landmarks and by soundings rather thar by sole reliance on buoys. 

411. Buoyage systems.— Most maritime countries use either a lateral system of 
buoyage or the cardinal system, or both. In the lateral system, used on- all navigable 
waters-of the United States, the coloring, shape, numbering, and lighting of buoys 
indicate the direction to a danger relative to the course which should be followed. In 
the cardinal system the coloring, shape, and lighting of buoys indicate the cardinal 
direction to a danger relative to the buoy itself. The color, shape, lights, and numbers 
of buoys in the lateral system as used by the United States are determined relative to 
a direction from seaward. Along the coasts of the United States, the clockwise direction 
around the country is arbitrarily considered to be the direction “from seaward.” 
Proceeding in a westerly and northerly direction on the Great Lakes (except Lake 
Michigan), and in a southerly direction on Lake Michigan, is proceeding “from sea- 
ward.” On the Intracoastal Waterway proceeding in a general southerly direction 
along the Atlantic coast, and in a general westerly direction along the gulf coast, is 
considered as proceeding “from seaward.’”’ On the Mississippi and Ohio Rivers and 
their tributaries the aids to navigation characteristics are determined as proceeding 
from sea toward the head of navigation although local terminology describes “left 
bank” and “right bank” as proceeding with the flow of the river. Some countries using 
the lateral system have methods of coloring their buoys and lights opposite to that of 
the United States. Appendix Y treats this subject in greater detail. 

In United States waters the following distinctive system of identification is used: 

Red nun buoys mark the right side of channels for an inbound vessel and obstruc- 
tions which should be kept to starboard. They have even numbers which increase from 
seaward. 

Black can buoys mark the left side of channels for an inbound vessel and obstruc- 
tions which should be kept to port. They have odd numbers which increase from 
seaward. 

Red and black horizontally banded buoys mark junctions and bifurcations of 
channels or wrecks or obstructions that can be passed on either side. The color (red or 
black) of the top band and the shape (nun or can) indicate the side on which the buoy 
should be passed by a vessel proceeding along the primary channel. If the topmost 
band is black, the primary channel will be followed by keeping the buoy on the port 
hand of an inbeund vessel. If the topmost band is red, the primary channel will be 
followed by keeping the buoy on the starboard hand of an inbound vessel. It may 
not be possible for an outbound vessel to pass on either side of these buoys; the naviga- 
tional chart should always be consulted to determine how these buoys should be passed 
by an outbound vessel. 

Black and white vertically striped buoys mark the fairway or midchannel and 
should be passed close aboard. These mid-channel or fairway buoys can have any 
shape. 

Lighted buoys, spar buoys, and sound buoys are not differentiated by shape to 
indicate the side on which they should be passed. No special significance is attached 
to the shapes of these buoys, their purpose being indicated only by the coloring, number- 
ing, or light characteristics. 
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All solid red and solid black buoys are numbered, the red bucys bearing even 
numbers and the black buoys bearing odd numbers, the numbers for each increasing 
from seaward. The numbers are kept in approximate sequence on both sides of the 
channel by omitting numbers where required. Buoys of other colors are not numbered; 
however, a buoy of any other color may be lettered for the purpose of identification. 

Lights. Red lights are used only on red buoys and buoys with a red band at the 
top, green lights are used only on black buoys and buoys with a black band at the top. 
White lights are used without any color significance. Lights on red or black buoys 
are always regularly flashing or regularly occulting. Quick flashing lights are used when 
a light of distinct cautionary significance is desired, as at a sharp turn or constriction 
in the channel. Interrupted quick flashing lights are used on red and black horizontally 
banded buoys. White Morse A flashing lights are used on midchannel buoys. 

Special purpose buoys. White buoys mark anchorages. Yellow buoys mark quar- 
antine anchorages. White buoys with green tops are used in dredging and survey 
operations. Black and white horizontally banded buoys mark fish net areas. Yellow 
and black vertically striped buoys mark seadromes. White and international orange 
banded, either horizontally or vertically, are used for special purposes to which neither 
the lateral system colors nor the other special purpose colors apply. The shape of special 
purpose buoys has no significance. They are not numbered but may be lettered. They 
may display any color light except red or green. Only fixed, occulting, or Slow-Flash A 
characteristics are used. 

Wreck buoys are generally placed on the seaward or channel side, as near the wreck 
as conditions permit. To avoid confusion in some situations, two buoys may be used 
to mark the wreck. The possibility of the wreck having shifted position due to sea 
action since the buoy was placed should not be overlooked. 

Station buoys are placed close to some lightships and important buoys to mark the 
approximate position of the station. Such buoys are colored and numbered the same 
as the regular aid, lightship station buoys having the letters “LS” above the initials 
of the station. If a station is marked with an additional station buoy, and the two buoys 
are not found close together, it is an indication that at least one of the buoys has moved. 
However, it is not an indication as to which buoy has moved. 

Minor lights and daybeacons (art. 412) used to mark the sides of channels are given 
numbers and characteristics in accordance with the lateral system of buoyage. 

Certain aids to navigation are fitted with light reflecting material (reflectors) to 
assist in their location in darkness. The colors of such reflectors have the same lateral 
significance as the color of lights. 

Certain aids to navigation may be fitted with, or have incorporated in their design, 
radar reflectors designed to enhance their ability to reflect radar energy. In general, 
these reflectors wil] materially improve the aids for use by vessels equipped with radar. 

412, Beacons are fixed aids to navigation placed on shore or on marine site3. If 
unlighted, the beacon is referred to as a daybeacon. A daybeacon is identified - its 
color and the color, shape, and number of its daymark. The simplest form of daybeacon 
consists of a single pile with a daymark affix d at or near its top (fig. 412). 

Daybeacons may be used instead of range lights (art. 402) to form a range (art. 
1005). 

Daymarks serve to make aids to navigation readily visible and easily identifiable 
against daylight viewing backgrounds. For example, the distinctive color pattern and 
shape of a lighthouse aid identification during the daytime as does the color and shape 
of a buoy. The size of the daymark that is required to make the aid conspicuous 
depends upon how far the aid must be seen. On those structures which do not by 
themselves present an adequate viewing area to be seen at the required distance, the 
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Fictre 412.—Daybeacon. 


aid is made more visible by affixing a daymark to the structure. These daymarks have 
a distinctive shape and color depending upon the purpose of the aid. Most daymarks 
eiso display numbers or letters so that the daymark can be more readily identified as a 
particular aid. The numbers and letters, as well as portions of most daymarks (and 
portions of unlighted buoys) are made to be retro-reflective to enhance their illumi- 
nation by the mariner. 

Increasing amounts cf information are conveyed by a daymark as the mariner 
approaches. At the detection distance, the daymark will convey only the information 
of its existence; it will be just detectable from its background. At tke recognition 
distance, the daymark can be recognized as an aid to navigation. At this distance 
the distinctive shape or color pattern is recognizable. At the identification distance, 
when the number cr letter can be read, the daymark can be identified as a particular 
aid. 

The detection, recognition, and identification distances vary widely for any 
particular daymark depending upon the viewing conditions. This is an inherent limita- 
tion of any visual signal but is especially true for passive visual signals which utilize 
the sun as the source for their signal energy. The reflectivity of the daymark surface 
varies with the angle of the sun relative to the daymark. This causes the luminance of 
the daymark to vary. The detection, recognition, and identification distances depend 
upon the relative difference between the luminance of the daymark and that of the 
background, the position of the sun relative to the observer, and the meteorological 
visibility. 

Beginning in 1975, a revised system of daymarks is gradually being implemented 
in the United States. The significant changes include the following: 

1, On port side daymarks, green is used in lieu of the colors black or white; green 
numbers and letters are used. 

2. On starboard side daymarks, red numbers and letters are used in lieu of white 
numbers and letters. 

3. On ICW daymarks (art. 415), a yellow horizontal reflective strip is used in 
lieu of a yellow reflective border as the marking. 

4. On junction daymarks, green is used in lieu of black in th. color pattern. 
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VISUAL AND AUDIBLE AIDS TO NAVIGATION 105 
Sound Signals 


413. Sound signals—Most lighthouses, light platforms, and lightships and some 
minor light structures and buoys are equipped with sound-producing instruments to aid 
the mariner in periods of low visibility. 

Charts and light lists of the particular area should be consulted for positive identi- 
fication. Caution: buoys fitted with a bell, gong, or whistle aud actuated by wave 
motion may produce no sound when the sea is calm. Their positive identification is not 
always possible. 

Any sound-producing instrument operated in time of fog from a definite point 
shown on the charts, such as a lighthouse, lightship, or buoy, serves as a useful fog 
signal. To be effective as an aid to navigetion, a mariner must be able to identify it and 
to know from what point it is sounded. 

At all lighthouses and lightships equipped with sound signals, these signals are 
operated by mechanical or electrical means and are sounded during periceds of low 
visibility, providing the desirable feature of positive identification. 

The characteristics of mechanized signals are varied blasts and silent periods. A 
definite time is required for each signal to perform » complete cycle of changes. Where 
the number of blasts and the total time for a signat to complete a cycle is not sufficient 
for positive identification, reference may be made to details in the Light List regarding 
the exact length of each blast and silent interval. The various types of sound signals also 
differ in tone, and this facilitates recognition of the respective stations. 

Diaphones produce sound by means of a slotted piston moved back and forth by 
compressed air. Blasts may consist of two tones of different pitch, in which case the 
first part of the blast is high and the last of a low pitch. ‘These alternate-pitch signals are 
called ‘“‘two-tene.” 

Diaphragm horns produce sound by means of a disc diaphragm vibrated by com- 
pressed air or electricity. Duplex or triplex horn units of differing pitch produce a chime 
signal. 

Sirens produce sound by means of either a disc or a cup-shaped rotor actuated by 
compressed air, steam, or electricity. 

Whistles produce sound by compressed air emitted through a circumferential slot 
ino a cylindrical bell chamber. 

Bells are sounded by means of a hammer actuated by a descending weight, com- 
pressed gas or electricity. 

414. Limitations of sound signals——Sound signals depend upon the transmission 
of sound through air. As aids to navigation, they have limitations that shouid be 
considered. Sound travels through the air in a variable and frequently unpredictable 
manner. 

It has been clearly established that: 

1. Sound signals are heard at greatly varying distances and that the distance at 
which a sound signal can be heard may vary with the bearing of the signal and may be 
different on occasion. 

2. Under certain conditions of the atmosphere, when a sound signal has a com- 
bination high and low tone, it is not unusual for one of the tones to be inaudible. In 
the case of sirens, which produce a varying tone, portions of the blast may not be heard. 

3. There are occasionaily areas close to the signal in which it is wholly inaudible. 
This is particularly true when the sound signal is screened by intervening land or other 
obstruction, or the signal is on a high cliff. 

4. A fog may exist a short distance from a station and not be observable from it, 
so that the signal may not be in operation. 
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5. Some sound signals cannot be started at a moment’s notice. 

6. Even though a sound signal may not be heard from the deck or} cidg: of a shir 
when the engines are in motion, it may be heard when the ship is stepped, or fron i 
quiet position. Sometimes it may be heard from aloft though not on Jeck. 

7. The loudness of the sound emitted by a sound signa] may be greater t a disu.nce 
than in the immediate proximity. 

All these considerations point to the necessity fer the utmost. caution when navi- 
gating near land in a fog. Mariners are therefore warned that sound signals can never 
be implicitly relied upon, and that the practice of taking -vundings of the depth of 
water should never he neglected. Particular attention shouid be given to placing look- 
outs in positions in w hich the noises in the ship are least likely to interfere with hearing a 
sound signal. Sound signels ar¢ valuabie as warnings but the mariner should not place 
implicit reliance upon them in navigating his vessei. They should be considered solely 
as warning devices. 

Emergency sound signals are sounded at some of the light and fog signal stations 
when the main and stand-by sound signal is inoperative. Some of these emergency 
sound signals are of a different type and characteristic than the main sound signal. 
The characteristics of the emergency sound signals are listed in the Light List. 

The mariner must not. assume: 

1. That he is out of ordinary heering distance because he fails to hear the sound 
signal. 

2. That, because he hears a sound signal fzintly, he is at a great distance from it. 

3. That he is neer to it because he hears the sound plainly. 

4. That the distance from and the intensity of a sound on any one occasion is a 
guide to him for any future occasion. 

5. That the sound signal is not sounding because he does not hear it, even when 
in close proximity. 

6. That the sound signal is in the direction the sound appears to come from. 

415. Intracoastal Waterway aids to navigation—The Intracoastal Waterway 
(ICV) runs parallel to the Atlantic and gulf coasts from Manasquan Inlet on the 
New Jersey shore to the Mexican border. Aids marking these waters have some portion 
of them marked with yellow as shown in Chart No. 1. Otherwise, the coloring and 
numbering of buoys and beacons follow the same system as that in other U. S. 
waterways. 

In order that vessels may resdiiy follow the Intracoastal Waterway route where it 
coincides with another marked waterway such as an important river, special markings 
are employed. These special markings are applied to the buoys or other aids which 
already mark the river or waterway for other traffic. These aids are then referred to 
as “Dual Purpose” aids. The marks consist of a yellow square or a yellow triangle, 
placed on a conspicuous part. of the dual purpose aid. The yellow square, in outline 
similar to a can buoy, indicates that the aid on which it is placed should be kept on the 
left hand when following the Intracoastal Waterway down the coast. The yellow 
triangle has the same meaning as a nun; it should be kept on the right side. Where 
such dual purpose marking is employed, the mariner following the Intracoastal 
Waterway disregards the color and shape of the aid on which the mark is placed, 
being guided solely by the shape of the yellow mark. 

416. Mississippi River system.—<Aids to navigation on the Mississippi River and 
its tributaries in the Second Coast Guard District. and parts of the Eighth Coast Guard 
District generally conform to the lateral system of buoyage. The following differences 
are significant: 

1. Buoys are not numbered. 
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2. The numbers on lights and daybeacons do not have lateral significance; they 
indicate the mileage from a designated point downstream, normally the river mouth. 

3. Flashing lights on tue left side proceeding upstream show single green or white 
flashes while those on the right side show double (group flashing) red or white flashes. 

4. “Crossing daymarks” are used to indicate where the channel crosses from one 
side of the river to the other. 

417. The Uniform State Waterway Marking System (USWMS) was developed 
jointly by the U.S. Coast Guard and state boating administrators to assist the small 
craft. operator in those state waters marked by participating states. The USWMS 
consists of two categories of aids to navigation. One is a system of aids to navigation, 
generally compatible with the Federal lateral system of buoyage, to supplement the 
federal] system in state waters. The other is a system of regulatory markers to warn the 
small craft operator of dangers or to provide general information and directions. 

On a well-defined channel, including a river or other relatively narrow, natural or 
improved waterway, solid colored red and black buoys are established in pairs (called 
“gates”), one on each side of the navigable channel which they mark, end opposite to 
each other to inform the user thet the channel lies between the buoys and that he 
should pass between the buoys. The buoy which marks the left side of the channel 
viewed looking upstream ur toward the head of navigation is colored all black; the buoy 
which marks the right side of the channel is colored all red. 

On an irregularly-defined channel, solid colored buoys may be staggered on alter- 
nate sides of the channel but spaced at sufficiently close intervals to inform the user 
that the channel Hes betweer the buoys and that he should pass between the buoys. 

When there is no well-defined channel or when a body of water is obstructed 
by objects whose nature or location is such that the obstruction can be approached 
by a vessel from more than one direction, aids to navigation having cardinal meaning 
may be used. The aids conforming to the cardinal system consist of three distinctly 
colored buoys: 

1. A white buoy with a red top is used to indicate to a vessel operator that he 
must pass to the south or west of the buoy. 

2. A white buoy with a black top is used to indicate to a vessel operator that he 
must pass to the north or east of the buoy. 

3. A buoy showing alfernate vertical red and white stripes is used to indicate 
to a vessel operator that an obstruction to navigation extends from the nearest shore 
to the buoy and that he must rot pass between the buoy and the nearest shore. 

The shape of buoys has no significance in the USWMS. 

Regulatory bueys are colored white with international orange horizontal bands 
completely around the buoy circumference. One band is at the top of the buoy with 
a second band just above the waterline of the buoy so that both orange bands are 
clearly visible from approaching vessels. 

Geometric shapes are placed on the white portion of the buoy body and are colored 
international orange. The authorized geometric shapes and meanings associated with 
them are as follows: 

1. A vertical open faced diamond shape means danger. 

2. A vertical open faced diamond shape having a cross centered in the diamond 
means that vessels are excluded from the marked area. 

3. A circular shape means that vessels in the marked area are subject to certain 
operating restrictions. 

4. Asquare or rectsngular shape indicates that directions or information is con- 
tained inside. 
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Regulatory markers consist of square and rectangular shaped signs displayed from 
a fixed structure. Each sign is white with en international orange border. Geometric 
shapes wita the same meanings as those displayed on buoys are centered on the sign 
boards. The geometric shape displayed on a regulatory merker is intended to convey 
specific meaning to a vessel operator—whether or not he should stay well clear of the 
merker or ray sefely approach the marker in order to read .v wording on the marker. 

418. Private aids to navigation are those aids not established and maintained by the 
U.S. Coast Guard. Private aids include those established by other federal agencies with 
prior U. 8. Toast Guard approval, those aids to navigation on marine structures or other 
works which the owners are legally obligated to establish, maintain, and operate as 
prescribed by the U.S. Coast Guard, and those aids which are merely desired, for one 
reason or another, by the individual, corporation, state or local government, or other 
body that has esteblished the aid with U. S. Coast Guard approval. 

Before any private aid to navigation consisting of a fixed structure is placed in the 
navigabie waters of the United States, authorization to erect such structure shall first 
be obtained from the District Engineer, U.S. Army Corps of Engineers, in whose district 
the aid will be located. 

Private aids to navigation are similar to the aids established and maintained by 
the U. S. Coast Guard, but are specially designated on the chart and Light List. 

Although private aids to navigation are inspected periodically by the U. S. Coast 
Guard, the mariner should exercise special caution when using them jor general 
navigation. 

419. Protection by Iaw.—All aids to navigation, including private aids, are pro- 
tected by law (14 USC 83). The Code of Federal Regulations (33 CFR 70) refers. 

It is unlawful to take possession of or make use of for any purpose, or build upon, 
alter, deface, destroy, iaove, injure, obstruct by fastening vessels thereto or otherwise, 
or in any manner whatever impair the usefulness of any aid to navigation established 
and mainte‘ued by the United States or with approval of the U. S. Coast Guard. 

Whenever any vessel collides with an aid to navigation established and maintained 
by the United States or any private aid established or mainiained in accordance with 
33 CFR 64, 67, or 6S, or is connected with any such collision, it shall be the duty of the 
person in charge of such vessel to report the accident to the nearest Officer in Charge, 
Office of Marine Inspecticn, U. S. Coast Guard. 
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CHAPTER V 
THE NAUTICAL CHART 


General Information 


501. Introduction.—A nautical chart is a conventional graphic representation, on 
a plane surface, of a navigable portion of the surface of the earth. It shows the depth 
of water by numerous soundings, and sometimes by soundings and depth contours, the 
shoreline of adjacent land, topographic features that may serve as land.u.arks, aids 
to navigation, dangers, and other information of interest to navigators. It is designed 
as a work sheet on which courses may be plotted, and positions ascertained. It assists 
the navigator in avoiding dangers and arriving safely at his destination. The nautical 
chart is one of the most essential and reliable aids available to the navigator. 

502. Projections.—Nearly all nautical charts used for ordinary purposes of navi- 
gation are constructed on the Mercator projection (art. 305). Large-scale harbor charts 
are sometimes constructed on the transverse Mercator projection. Charts for special 
purposes, such as great-circle sailing or polar navigation, are on appropriate projections; 
great-circle sailing charts are usually on the gnomonic projection (art. 317); polar charts 
are often on the polar stereographic projection (art. 318). The principal projections, with 
their navigational uses, are discussed in chapter IIT. 

503. Scale.—The scale of a chart is the ratio of a given distance on the chart to 
the actual distance which it represents on the earth. It may be expressed in various 
ways. The most common are: 

A simple ratio or fraction known as the representative fraction. For example, 


1 
1:80,000 or 30.000 menns that one unit (such as an inch) on the chart represents 80,000 


of the same unit on the surface of the earth. This scale is sometimes called the natural or 
fractional scale. 

A statement of that distance on the earth shown in one unit (usually an inch) 
on the chart, or vice versa. For example, “30 miles to the inch” means that 1 inch on 
the chart represents 30 miles of the earth’s surface. Similarly, “2 inches to a mile” 
indicates that 2 inches on the chart represent 1 mile on the earth. This is sometimes 
called the numerical scale. 

Graphic scale. A line or bar may be drawn at a convenient place on the chart 
and subdivided into nautical miles, yards, etc. All charts vary somewhat in scale 
from point to point, and in some projections the scale is not the same in all directions 
about a single point. A single subdivided line or bar for use over an entire chart is 
shown only when the chart is of such scale and projection that the scale varies a neg- 
ligible amount over the chart, usually one of about 1:75,000 or larger. Since 1 minute 
of latitude is very uearly equal to 1 nautical mile, the latitude scale serves as an 
approximate graphical scale. On most nautical charts the east and west borders are 
subdivided to facilitate distance measurements. 

On a Mercator chart the scale varies with the latitude. This is noticeable on a 
charg coveriag 2 relatively large distance in a north-south direction. On such a chart 
the scale at the latitude in question should be used for measuring distances. 
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110 THE NAUTICAL CHART 


Of the various methods of indicating scale, the graphical method is normally 
available in some form cn the chart. In addition, the scale is customarily stated on 
charts on which the scale does not change appreciably over the chart. 

The ways of expressing the scale of a chart are readily interchangeable. For in- 
stance, in a nautical mile there are about 6,076.11549 feet or 6,076.11549 X 12=72,913.39 
inches. If the natural scale of a chart is 1:80,00u, one inch of the chart represents 
80,000 inches of the earth, or a little more then a mile. To find the exact amount, 


Ma at z ; ; 80,000 _ 
divide the scale by the number of inches in a mile, or 73,913.30 7 097: Thus, a 
scale of 1:80,000 is the same as a scale of 1.097 (or approximately 1.1) miles to an 


inch. Stated another way, there are Poss 0.911 (approximately 0.9) inch to a 
mile. Similarly, if the scale is 60 nautical miles to an inch, the representative fraction 
is 1:(60X72,913.39) =1:4,374,803. Table 37 provides the scale equivalents. 

A chart covering a relatively large area is called a small-scule chart and one covering 
a relatively small area is called a large-scale chart. Since the terms are relative, there is 
no sharp division between the two. Thus, a chart of scale 1:100,000 is large scale 
when compared with a chart of 1:1,000,000 but small scale when compared with one 
of 1:25,000. 


504. Chart classification by scale—Charts are constructed on many different 
scales, ranging from about 1:2,500 to 1:14,000,000 (and even smaller for some world 
charts). Small-scale charts covering large areas are used for planning and for offshore 
navigation. Charts of larger scale, covering smaller areas, should be used as the vessel 
approaches pilot waters. Several methods of classifying charts according to scale are in 
use in various nations. The following classifications of nautical charts are those used 
by the National Ocean Survey: 


Sailing charts are the smallest scale charts used for planning, fixing position at 
sea, and for plotting the dead reckoning while proceeding on a long voyage. The scale 
is generally smaller than 1:600,000. The shoreline and topography are generalized and 
only offshore soundings, the principal navigational lights, outer buoys, and landmarks 
visible at considerable distances are shown. 


General charts are intended for coastwise navigation outside of outlying reefs and 
shoals. The scales range from about 1:150,000 to 1:690,000. 


Coast charts are intended for inshore coastwise navigation where the course may 
lie inside outlying reefs and shoals, for entering or leaving bays and harbors of con- 
siderable width, and for navigating largo inland waterways. The scales rango from 
about 1:50,000 to 1:150,000. 


Harbor charts are intended for navigation and anchorage in harbors and small 
waterways. The scale is generally larger than 1:50,009. 

In the classification system used by the Defense Mapping Agency Hydrographic 
Center, the sailing charts are incorporated in the general charts classification (smaller 
than about 1:150,000); those coast charts especially useful for approaching more 
confined waters (bays, harbors) are classified as approach charts. 


505. Accuracy.—The accuracy of a chart depends upon: 

1. Thoroughness and up-to-dateness of the survey and other navigational inf-rmation. 
Some estimate of the accuracy of the survey can be formed by an examination of the 
source notes given in the title of th> chart. If the chart is based upon very old surveys, 
it should be used with caution. Maury of the earlier surveys were made under conditions 
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that were not conducive to great accuracy. It is safest {o question every chart based 
upon surveys of doubtful accuracy. 


The number of soundings and their spacing is some indication of the completeness 
of the survey. Only a small fraction of the soundings taken in a thorough survey are 
shown on the chart, but sparse or unevenly distributed soundings indicate that the 
survey was probably not made in detail. Large or irregular blank areas, or absence of 
depth contours (commonly called depth curves), generally indicate lack of soundings 
in the area. If the water surrounding such a blank area is deep, there is generally con- 
siderable depth in the blank; conversely, shallow water surrounding such an area indi- 
cates the strong possibility of shoal water. If neighboring areas abound in rocks or are 
particularly uneven, the blank area should be regarded with additional suspicion. How- 
ever, it should be kept in mind that relatively few soundings are shown when there is a 
large number of depth contours or where the bottom is flat or gently and evenly sloping. 
Additional soundings are shown when they are helpful in indicating the uneven character 
of a rough bottom (figs. 505a and 505b). 

Even a detailed survey may fail to locate every rock or pinnacle, and in waters 
where their existence is suspected, the best methods for determining their presence are 
wire drag surveys. Areas that huve been dragged may be indicated on the chart and a 
note added to show the effective depth at which the drag was operated. 

Changes in the contour of the bottom are relatively rapid in areas where there 
are strong currents or heavy surf, particularly when the bottom is composed principally 
of soft mud or sand. The entrances to bar harbors are especially to be regarded with 
suspicion. Similarly, there is sometimes a strong tendency for dredged channels to shoal, 
especially if they are surrounded by sand or mud, and cross currents exist. Notes are 

sometimes shown on the chart when the bottom contours are known to change rapidly. 


However, the absence of such a nofe should not be regarded as evidence that rapid 
change does not occur. 


Changes in aids to navigation, structures, ets., are more easily determined, and 
charts are generally corrected in this regard to the date of printing. However, there 
is always the possibility of a change having occurred since the chart was printed. 


All issues of Notice to Mariners printed after that date (art. 506) should be checked to 
insure accuracy in this respact. 


2. Suitability of the scale for the design and intended navigational use. The same 
detail cannot be shown on a small-scale chart as on one of a larger scale. On small-scale 
charts detailed information, including minor aids to navigation, is omitted or generalized 
in the areas covered by larger scale charts. Therefore, it is good practice to use the 
largest scale chart available when in the vicinity of shoals or other dangers. 


3. Presentation and adequacy of data. The amount and kind of detail to be shown, 
and the metnod of presentation, are continually under study by charting agencies. 
Development of a new navigational aid may render many previous charts inadequate. 


An example is radar. Many of the charts produced before radar became available lack 
the detail needed for reliable identification of targets. 


Part of the responsibility for the continuing accuracy of charts lies with the user. 
If charts are to remain reliable, they must be corrected as indicated by the Notice to 
Mariners. In addition, the user’s reports of errors and changes and his suggestions 
often are useful to the publishing agencies in correcting and improving their charts. 
Navigators and maritime activities have contributed much to the reliability and use- 
fulness of the modern nautical chart If a chart becomes wet, the expansion and sub- 
sequent shrinkage when the chart dries are likely to cause distortion. 
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Fiaure 505a,—Part of a boat sheet, showing the soundings obtained in a survey. 
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Figure 505b.—Part of a nautical chart made from the boat sheet of figure 505a. Compare the number 
of soundings in the two figures. 
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Fieure 507a.—Fictitious nautica] chart with soundings 
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506, Dates on charts.—The system of dates now used on charts published by the 
Defense Mapping Agency Hydrographic Center and the National Ocean Survey is as 
follows: 

First edition. The original date of issue of a new chart is shown at the top center 


margin, thus: 
ist Ed., Sept. 1950 


New edition. A new edition is made when, at the time of printing, the corrections 
are too numerous or too extensive to be reported in Notice to Mariners, making previous 
printings obsolete. ‘The date of the first edition is retained at the top ~.argin. At the 
lower left-hand corner it is replaced by the number and date of the new edition. The 
latter date is the same as that of the latest Notice to Mariners to which the chart has 
been corrected, thus: 

5th Ed., July 11, 1970 


Revised print. A revised print published by the National Ocean Survey may 
contain corrections which have been published in Notice to Mariners but does not 
supersede a current edition. The date of the revision is shown to the right of the edition 


date, thus: 
5th Ed., July 11, 1970; Revised 4/12/75. 


Reprint. A reprint is initiated by a low stock situation and is a reprint of the chart 
with a limited number of corrections from Notice to Mariners. The magnetic variation 
data on a reprint published by the Defense Mapping Agency Hydrographic Center is 
updated to the latest epoch at the time of printing. 


Chart Reading 


507. Chart symbols—Much of the information contained on charts is shown by 
conventional symbols which make ne attempt at accuracy in scale or detail, but are 
shown at the correct location and make possible the showing of a large amount of 
information without congestion or confusion. The standard symbols and abbrevia- 
tions which have been approved for use on regular nautical charts published by the 
United States of America are shown in Chart No. 1, Nautical Chart Symbols and Ab- 
breviations (app. Z). A knowledge of the meanings of these symbols is essential to a full 
understanding of charts. Fictitious sample charts (figs. 507a and 507b) show some of 
these symbols. 

Most of the symbols and abbreviations shown in Chart No. 1 are in agreement 
with those recommended by the International Hydrographic Organization (THO). 
Symbol and, abbreviation status is indicated by alphanumeric style differences in the 
first column of Chart No. 1. The status is explained in the general remarks section of 
Chart No. 1. 

The symbols and abbreviations on any given chart may differ semewhat from 
those shown in Chart No. 1 beceuse of a change in the standards since printing of the 
chart or because the chart was published by an agency having a different set of 
standards. 

508. Lettering —Certain standards regarding lettering have been adopted, except 
on charts made from reproducibles furnished by foreign nations. 

Vertical type is used for features which are dry at high water and not affected by 
movement of the water, except for heights above water. 

Slanting type is used for water, underwater, and floating features, except soundings. 
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The type of lettering used may be the only means of determining whether a feature 
may be visible at high tide. For instance, a rock might bear the title “___..___. Rock” 
whether or not it extends above the surface. If the name is given in vertical letters, 
the rock constitutes a small islet; if in slanting type, the rock constitutes a reef. 

509. The shoreline shown on nautical charts represents the line of contact between 
the land and a selected water elevation. In areas affected by tidal fluctuations, this 
line of contact is usually the mean high-water line. In confined coastai waters of dimin- | 
ished tidal influence, a mean water level Jine may be used. The shoreline of interior } 
waters (rivers, lakes) is usually a line representing a specified elevation above a selected 
datum. A shoreline is symbolized by a heavy line. A broken line indicates that the ‘ 
charted position is approximate only. The nature of the shore may be indicated, as ‘ 
shown hy the symbols in part A of Chart No. 1. 

Where the low-water line differs considerably from the high-water line, the low- 
water line may be indicated by dots in the case of mud, sand, gravel, or stones, with the 
kind of material indicated, and by a characteristic symbol in the case of rock or coral. 
The area alternately covered and uncovered may be shown by a tint which is usually a 
combination of the land tint and a blue water tint as shown in figures 507a and 507b. 

The apparent shoreline is used on charts to show the outer edge of marine vege- 
tation where that limit would reasonably appear as the shoreline to the mariner, or 


where it prevents the shoreline from being clearly defined. The apparent shoreline is — 
symbolized by a light line. The inner edge is marked by a broken line when no other | 


symbol (such as a cliff, levee, etc.) furnishes such a limit. The area between inner and 
outer limits may be given the combined land-water tint or the land tint. 

510. Water areas.—Soundings or depths of water are shown in several ways. 
Individual soundings are shown by numbers. These do not follow the general rule for 
lettering. They may be either vertical or slanting, or both may be used on the same 
chart to distinguish between the data based upon different surveys, different datums, 
smaller svale charts, or furnished by different authorities. 

The unit of measurement used for soundings on cach chart is shown in large block 
letters at the top and bottom of the chart. When the unit of measurement is meters or 
meters and decimeters, SOUNDINGS IN METERS is shown. When soundings in 
fathoms or fathoms and fractions are used, SOUNDINGS IN FATHOMS is shown, 
and when the soundings are in fathoms and feet, SOUNDINGS IN FATHOMS AND 
FEET is shown. 

A depth conversion scale is placed outside the neatline on the chart for use in con- 


verting charted depths to feet, meters, or fathoms. 
“No bottom” soundings are indicated by « number with a line over the top and a 


dot over the line, thus: 45. This indicates that the spot was sounded to the depth | 


indicated without reaching the bottom. Areas which have been wire dragged (fig. 51Ca) 


are shown by a broken limiting line, and the clear effective depth is indicated, with a ; 


characteristic symbol under the numbers. 


On charts of the Defense Mapping Agency Hydrographic Center, a purple tint _ 
is shown within the limits of the swept area unless such tinting would result in excessive =~ 


use of purpie, in which case a green tint is shown within the limits of the swept area. 


The soundings are supplemented by a series of depth contours (fig. 510b) connecting _ - 
points of equal depth. These lines present a graphic indication of the configuration of the | 
bottom. The types of lines used for various depths are shown in part R of Chart No.1. : 


On some charts depth contours are shown in solid lines, the depth represented by each 
being shown by numbers placed in breaks in the lines, as with land contours. Solid 
line depth contours are derived from intensively developed hydrographic surveys. 
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Fictrk 510a.—Swept area. Figure 510b.—Depth contours. 


<i broken or indefinite contour is substituted for a solid depth contour whenever the relia- 
bility of the contour is questionable. Depth contours are labeled with numerals in the 
unit. of measurement of the soundings. This tyne chart, presenting a more detdiled 
indication of the bottom configuration with fewer numerical soundings, is particularly 
useful to the vessel equipped with an echo sounder permitting continuvus determina- 
tion of a profile of the bottom. Such a chart, to be reliable, can be made only for areas 
which have been surveyed in great detail. 

Areas which uncover at low tide are tinted as indicated in article 509. Those 
areas out to a given depth often are given a blue tint, and occasionally a lighter blue 
is carried to some greater depth. On older charts the one-, two-, and three-fathom 
curves have stippled edges. Charts designed to give maximum emphasis to the con- 
figuration of the bottom show depths, beyond the 100-fathom curve, over the entire 
chart by depth contours similar to the contours shown on land areas to indicate 
graduations in height. These are called bottom contour or bathymetric charts. 

The side limits of dredged channels are indicated by broken lines. The project 
depth (art. 2715) and the date of dredging, if known, are shown by a statement in or 
along the channel. The possibility of silting should be considered. Local authorities 
should be consulted for the controlling depth (art. 2715). 

The chart. scale is generally too small to permit all soundings to be shown. In the 
selection of soundings to be shown, least depths are generally chosen first and a sounding 
pattern worked out. to provide safety, a practical presentation of the bottom configura- 
ton, and a neat appearance. Depths greater than those indicated may be found close 
to charted depths, but steep changes in depth are given every consideration in sound- 
ing selection. Also, the state of the tide affects the depth at any given moment. An 
isolated shoal sounding should be approached with caution, or avoided, unless it is 
known that the area has been wire dragged, for there is always the possibility that a 
depth Jess than the !1st shown may have escaped detection. Aiso, the shoal area near 
a coast little frequence] by vessels is semetimes not surveyed with the same thorough- 
ness as other areas. Such areas and those where rocks, coral, etc., are known to exist 
should be entered with caution, or avoided. 

The substance forming the bottom is shown by abbreviations, as listed in part 
S of Chart No. 1. The meaning of some of the less-well-known terms is given below: 

Ooze is a soft, slimy, organic sediment composed principally of shells or other hard 
parts of minute organisms. 
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Marl is a crumbling, earthy deposit, particularly one of clay mixed with sand, 
lime, decomposed shells, etc. A layer of marl may become quite compact. 

Shingle consists of small, rounded, waterworn stones. It is similar to gravel but 
with the average size of stone generally larger. 

Schist is crystailine rock of a finely laminated nature. 

Madrepore is a stony coral which often forms an important building material for 
reefs. 

Lava is rock in the finid state, or such material after it has solidified. It is formed 
at, very high temperature and issues from the earth through volcanoes. 

Pumice is cooled volcanic glass with a great number of minute cavities caused by 
the expulsion of water vapor at high temperature, resulting in a very light material. 


the mouths of rivers. 

Scoria (plural scoriae) is rough, cinderlike lava. 

Sea tangle is any of several species of seaweed, especinily those of Jarge size. 

Spicules are the small skeletons of various marine animals such as sponges. 

Foraminifera (plural) are small marine animals with hard shells of from one to 

ony chambers. 

Globigerina is a very small marine animal of the foraminifera order, with a cham- 
bered shell, or the shell of such an animal. In large areas of the ocean the culcareous 
shells of these animals are very numerous, being the principal constitvent of a soft 
mud or globigerina ooze, forming part of the ocean bed. 
ar : Diatom is a microscopic animal with external skeletons of silica, often found in 
* both fresh and salt water. Part of the ocean bed is composed of a sedimentary ooze 
consisting principally of large collections of the skeletal remains of diatoms. 

Radiolaria (piural) are minute sea animals with a siliceous outer shell. The 
skeletons of these animals are very numerous, especially in the tropics. 

Pteropod is a small marine animal with or without a shetl and having two thin, 
winglike feet. These animals are often so numerous they cover the surface of the sea 
for miles. In some areas their shells cover the bottom. 

Polyzoa (plural) are very small marine animals which reproduce by budding, 
many generations often being permanently connected by branchlike structures. 

Cirripeda (plural) are barnacles and certain other parasitic marine animals. 

: Fucus is a coarse seaweed growing attached to rocks. 

Be re Matte is a dense, twisted growth of a sea plant such as grass. 

“Calcareous” is an adjective meaning “containing or composed of calcium or one 

7 of its compounds.” 

} 511. Chart sounding datum.— Depths. All depths indicated on charts are reckoned 

from some selected level of the water, called the chart sounding datum. The varieus 

chart datums are explained in chapter XOCNT. On charts made from surveys conducted 

by the United States the chart datum is selected with regard to the tides of the region, so 

= that depths might be shown in their least favorable aspect. On charts based upon 

be. oe . those of other nations the datum is that. of the original authority. When it is known, 
the datum used is stated on the chart. In some cases where the chart is based upon 

old surveys, particularly in areas where the range of tide is not great, the actual chart 

datum may not be known. 

For National Ocean Survey charts of the Atlantic and gulf coasts of the United 
States and Puerto Rico the chart datum is mean low water. For charts of the Pacific 
coast of the United States, including Alaska, it is mean lower low water. Most irtense 
Mapping Agency Hydrographic Center charts are based upon mean low water, mecn 








Tufa is a porous rocky deposit sometimes formed in streams and in the ocean near 
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lower low water, or mean low water springs. The chart datum for charts published by 
other countries varies greatly, but is usually lower than mean low water. On charts of 
the Baltic Sea, Black Sea, the Great Lakes, and other areas where tidal effects are small 
or without significance, the datum adopted is an arbitrary height approximsting the 
mean water level. 

The chart datum of the largest-scale charts of an area is generally the same as the 
reference Jevel from which height of tide is tabulated in the tide tables. 

The height of a chart datum is usually only an approximation of the actual mean 
value specified, for determination of the actual mean height usually requires a longer 
series of tidal observations than is available to the cartographer, and the height changes 
somewhat over a period of time. 

Since the chart datum is generally a computed mean or average height at some 
state of the tide, the depth of water at any particular moment may be less than shown 
on the chart. For example, if the chart datum is mean lower low water, the depth of water 
at lower low water will be less than the charted depth about as often as it is greater. 
A lower depth is indicated in the tide tables by a minus sign (—). 

Heights. The shoreline shown on charts is the high-water line, generally the level of 
mean high water. The heights of lights, rocks, islets, etc., are generally reckoned from 
this level. However, neights of islands, especially those at some distance from the 
coast, are often taken from sources other than hydrographic surveys, and may be 
reckoned from some otner level, often mean sea level. The plane of reference for topo- 
graphic detail is frequently not stated on the chart. 

Since heights are u: . ally reckoned from high water and depths from some form of 
low water, the reference levels are seldom the same. This is generally of little practical 
significance, but it might be of interest under some conditions, particularly where the 
range of t*e is large. 

512. vangers are shown by appropriate symbols, as indicated in part O of Chart 
No. 1. 

A rock that uncovers at mean high water m. y be shown as an islet. If an isolated, 
offlying rock is known to uncover at the chart datum but to be covered at high water, 
the appropriate symbol is shown and the height above the chart datum, if known, is 
usually given, either by statement such as “Uncov 2 ft” or by the figure indicating the 
number of feet above the chart datum underlined and usually enclosed in parentheses, 
thus: (2). This is illustrated in figure 512a. A rock which does not uncover is shown by 
the appropriate symbol. If it is considered a danger to surface vessels, the symbol is 
enclosed by a dotted curv’ .r emphasis. 

A distinctive symbol is used to show a detached coral reef which uncovers at the 
chart datum. For a coral or rocky reef which is submerged at chart davim, the sunken 
rock symbol or an appropriate statement is used, enclosed by a dotted or broken iine 
if the limits have been determined. 

Several different symbols ure used for wrecks, depending upor. the neture of the 
wreck us scale of the chart. The usual symbol for a visible wreck i. shown in figure 512b. 
A sunken wreck with less than 11 fathoms of water over it .s considered dangerous and 
its symbol is surrounded by a dotted curve. The safe eleurance Jepth found over a 
wreck is indicated by a stancard sounding number place | af the wreck, (fig. 512c). 
If this depth is determined by a wire drag, the sounding is underscored by the wire 
drag symbol (art. 510). An unsurveyed wreck over which the exact depth is unknown, 
but is considered to have a safe clearance to the depth shown is depicted as shown in 
figure 512c. 

Tide rips, eddies, and kelp are shown by symbol or lettering. 


mae 


ey eee et ee nme PR 


set cement tcintinmenpnere stmt oe = 









ue 





























yee eh 














§ ie toft high} 
ERW (os beh) 





Fraure 512a.—A rock awash. Figure 512b.—A visible wreck. 


Piles, lolphins (clusters of piles), snags, stumps, etc., are shown by small circles 
and a label identifying the type of obstruction. If such dangers are submerged, the 
letters “Subm” precede the label. 

Tish stakes and traps are shown when known to be permanent or hazardous to 
navigation. 

The importance of knowing the chart symbols for dangers to navigation cannot be 
emphasized strongly enough. Most dangers are emphasized with a blue tint and dotted 
line surrounding the danger. Some of the danger symbols are shown in figure 512c. 

513. Aids to navigation are shown by symbol, as given in Chart. No 1, usually sup- 
plemented by abbreviations snd sometimes by additional descriptive text. In order to 
render the symbols conspi- nous it is necessary to sow them in greatly exaggerated size 
relative to the scale of the chart. It is t..crefore important that the navigator know which 
part of the symbol represents the actual position of the aid. For floating aids (lightships 
and buoys), the position part of the symbol murks the approximate location of the 
anchor or sinker, the aid swinging in an orbit around this approximate position. 

‘The principal charted aids to navigation are lighthouses, other lights on fixed 
structures, heacons, lightships, radiobeacons, and buoys. The number of aids shown and 
the amount of information concerning them varies with the scale of the chart. Unless 
otherwise indicated, lights which do not alternate in color are white, and alternating 
lights are red and white. Light lists give complete navigational information concerning 
them. 

Laghthouses and other lights on fized structures ave shown as black dots surrounded 
by nautical purple disks or as black dots with purple flare symbols. The center of the 
black dot is the position of the light. 

On large-scale charts the characteristics of lights are shown in the following order: 


Characteristic Example Meaning 

1. Chatcter Gp Fl group flashing 

2. Color R red 

3. Period (2) 10 sec two flashes every 10 seconds 

4. Height lou ft 160 feet 

5. Range 19M 19 nautical miles (See article 1307) 
6. Number “6” light number 6 


The legend for this light would appear on the chart: 
Gp Fl RB (2) 10 sec 160 ft 19 M “6” 


Ne er ee ee NET TIL RARE SETAE. IE MAN nn oe 





Le 


rani 






anette 


vate 





" 





SSM Saat 


‘ 
rN 










HN Hypa bode fe ahulndear conan eather dl 


i 
‘a 


ite 


‘ 
4 


age seit 


duet 


‘ 


a ee 4 ‘s ey / ; ., “ 
a PRU tisdale iota senath eds aditetncdiad damikiewnksamacsdusebahatlenld aidors 


ee 


be 


oe sath . 


it 

4 
ie icc 
Hltrticl aba walt ge 


f 


’ 
' 
ee wa bua Le dla all 


Ati. uta i nd 
































ee ee eons Jae eee ee 


“SSES THES = Suc. 2 EERE ea ee 


















































ig 


THE NAUTICAL CHART 119 


“Sunken wreck dangerous to surface navigation (less than 
11 fathoms over wreck). 


i Sunken rock dangerous to navigation. 
33 Wi Wreck over which depth is known. 
Wk Wreck with depth cleared by wire drag. 
os, Unsurveved wreck over which the exact depth is unknown, 
8: Wk but is considered to have a safe clearance to the depth 
shown. 
i; kk Shoal sounding on isolated rock. 
+a Coral reef covered at sounding datum. 


‘foul! Foul ground, Foul bottom. 







#*(2) 0 €(2) Rock which covers and uncovers with height above chart 
sounding datum. 


, ; : e Subm Piles ~~ Submerged pilings. 
£3 Rep 0974) Depth reported in 1974. 
Reef Reef of unknown extent. 


i4 Obs — Obstruction 


Manas! 


3 # Plotform (lighted) ~— Offshore platform (unnamed) 


cry Drying (or uncovering) heights, above chart sounding 


datum. 


TFreurr 512¢.— Danger symbols. 


On older charts this form is varied slightly. As the chart scale becomes smaller the six 
« items listed above are omitted in the following order: first, height; second, period 
(seconds); third, number (of flashes, etc.) in group; fourth, light number; fifth, visi- 
bility. Names of unnumbered lights are shown when space permits. 
ae a Daybeacons (unlighted beacons) are shown as depicted in Chart No. 1. When day- 
beacons are shown by small triangles, the center of the triangle marks the position of the 
aid. Except on Intracoastal Waterway charts and charts of state waterways the ab- 
breviation Bn is shown beside the symbol, with the appropriate abbreviation for color 
if known. For black beacons the triangle is solid black and there is no color abbreviation. 
All beacon abbreviations are in vertical lettering, as appropriate for fixed aids (fig. 513a). 
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Figure 513a.—A daybeacon. Fiaure 5i3b.—A lightship with a radiobeacon. 


Lightships are shown by ship symbol, the center of the small circle at the base of the , 
symbol indicating the approximate position of the lightship’s anchor. The circle ig over- 
printed by a small purple disk as shown in figure 513b or a purple flare emanating 
from the top of the symbol. As a floating aid, the light characteristics and the name of 
the lightship are given in leaning letters. 

Radiobeacons are indicated on the chart by a small purple circle, as shown in 
figure 513b, accompanied by the appropriate abbreviation to indicate whether an or- 
dinary radiobeacon (R Bn) or a radar beacon (Racon). The same symbol is used for a 
radio direction finder station with the abbreviation “RDF” and a coast radar station 
with the abbreviation Ra. Other radio stations are indicated by a small black circle 
with a dot in the center, or a smaller circle without a dot, and the appropriate abbrevia- 
tion. In every case the center of the circle marks the position of the aid. 

Buoys, except mooring buoys, are usually shown by a diamond-shaped symbol and 
a small dot or small circle in conjunction with ono of its points (at one of its acute 
angles). The dot or small circle indicates the approximate position of the buoy’s 
sinker. A mooring buoy is shown by a distinctive symbol as indicated in part L of 
Chart No. 1. The small circle interrupting the symbol’s base line indicates the 
approximate position of the sinker. 

A black buoy is shown by a solid black diamond symbol, without abbroviation. 
For all other buoys, color is indicated by an abbreviation, or in full by a note on the 
chart. In addition, the diamond-shaped symbols of red buoys often are c. sred purple. 
A buoy symbol with a line connecting the side points (shorter axis), half of the symbol 
being purple or open and the other half black, indicates horizontal bands. A line 
connecting the upper and lower points (longer axis) represents vertical stripes. Two 
lines connecting the opposite sides of the symbol indicate a checkered buoy. 

There is no significance to the angle at which the diamond-shape appears on the 
chart. The symbol is placed so as to avoid interference with other features of the chart. 

Lighted buoys are indicated by a purple flare emanating from the buoy symbol or 
by a small purple disk centered on the dot or small circle indicating the approximate 
position of the buoy’s sinker, as shown in figure 513c. 

Abbreviations for light characteristics, type and color of buoy, number of the buoy, 
and any other pertinent information given near the symbol are in slanting letters. The 
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Figure 518c.—A lighted buoy. 
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letter C, N, or S, indicates a can, nun. or spar, respectively (art. 409). The words 
“bell,” “gong,” and “whistle,” are shown as BELL, GONG, and WHIS, respectively. 
‘The number or letter designation of the buoy is given in quotation marks on National 
Ocean Survey charts. On other charts they may be given without quotation marks or 
punctuation, thus: No 1, No 2, ete. 

Station buoys are not shown on small-scale charts, but are given on some large- 
scale charts. 

Aeronautical lights included in the light lists are shown by the lighthouse symbol, 
accompanied by the abbreviation “AJZRO.” The completeness to which the character- 
istics are shown depends principally upon the effective range of other navigational 
lights in the vicinity, and the usefulness of the light for marine navigation. 

Ranges are indicated by a broken or solid line. The solid line, which indicates that 
part of the range intended for navigation, may be broken at irregular intervals to avoid 
being drawn through soundings. That part of the range line drawn only to guide the 
eye to the objects to be kept in range is broken at regular intervals. If the direction is 
given, it is expressed in degrees clockwise from true north. 

Sound signal apparatus is indicated by the appropriate word in capital letters 
(HORN, BELL, GONG, etc.) or an abbreviation indicating the type of sound. Sound 
signals of all types other than submarine sound signals are represented by three arcs of 
concentric circles within an angle of 45°, orientated and placed as necessary for clarity. 
The letters “DFS” indicete a distance finding station having synchronized sound and 
radio signals. The location of a sound signal which does not accompany a visual aid, 
either lighted or unlighted, is shown by a small circle and the appropriate word in 
vertical block letters. 

. Private aids, when shown, are marked “Priv maintd.” Some privately maintained 
unhghted aids are indicated by a small circle accompanied by the word “Marker,” 
or a larger circle with a dot in the center and the word “MARKER.” The center of the 
circle indicates the position of the aid. A privately maintained lighted aid has the light 
symbol and is accompanied by the characteristics and the usual indication of its private 
nature. Private aids should be used with caution. 

A light sector is the sector or area bounded by two radii and the arc of © circle in 
which a light is visible or in which it has a distinctive color different from that of ad- 
joining sectors. The limiting radii are indicated on the chart by dotted lines. 

Colors of the sectors are indicated by words spelled out if space permits, or by 
abbreviation (W, R, etc.) if it does not. 





URES Ra 


nh 
if 


aN 


i 


waren 





Aye sce 


dinihael 


labfhu ttn blta lana oahtiaih 


Sei 


4 





ssn i tas 


% 


i tha ba Asie Rabat 


ti, ad 























































































ee 


¥ 


we 


enh oh gree 


a UD 


some oe 2S a a ne a acc 


122 THE NAUTICAL CHART 


Limits of light sectors and arcs of visibility as observed from a vessel are given in 
the light lists, in clockwise order. 

514. Land areas——The amount of detail shown on che land areas of nautical 
charts depends upon the scale and the intended purpose of the chart. 

Relief is shown by contours and form lines. 

Contours ove lines connecting points of equal elevation. The heights represented 
by the contours are indicated in slanting figures at suitable places along the lines. 
Heights are usually expressed in feet (or in meters with means for conversion to feet). 
The interval between contours is uniform over any one chart, except that certain 
intermediate contours are sometimes shown by broken line. When contours are broken, 
their locations are approximate. 

Form lines are approximations of contours used for the purpose of indicating 
relative elevations. They are used in areas where accurate information is not available 
in sufficient detail to permit exact location of contours. Elevations of individual form 
lines are not indicated on the chart. 

Spot elevations are generally given only for summits or for tops of conspicuous 
landmarks. The heights of spot elevations and contours are given with reference to 
mean high water when this information is available. 

When there is insufficient space to show the heights of islets or rocks, they are 
indicated by slanting figures enclosed in parentheses in the water area nearby. 

Cities and roads. Cities are shown in a generalized pattern that approximates 
their extent and shape. Street names are generally not charted except those along 
the waterfront on the largest scale charts. In general, only the main arteries and 
thoroughfares or major coastal highways are shown on smaller scale charts. Occa- 
sionally, highway numbers are given. When shown, trails are indicated by a light 
broken line. Buildings along the waterfront or individual ones back from the water- 
front but of special interest to the mariner are shown on large-scale charts. Special 
symbols are used for certain kinds of buildings, as indicated in part I of Chart No. 1. 
Both single and double track railroads are indicated by a single line with cross marks. 
In general, city electric railways are not charted. A fence or sewer extending into 
the water is shown by a broken line, usually labeled. Airports are shown on small- 
seale charts by symbol and on large-scale charts by shape and extent of runways. 
Breakwaters and jetties are shown by single or double lines depending upon the scale 
of the chart. A submerged portion and the limits of the submerged base are shown 
by broken lines. 

515. Landmarks are shown by symbols, as given in Chart No. 1. 

A large circle with a dot at its center is used for selected landmarks that have been 
accurately located. Capital letters are used to identify the landmark: HOUSE, 
FLAGPOLE, STACK, sometimes followed by “(conspic).” 

A small circle without a dot is used for landmarks not accurately located. Capital 
and lower case letters are used to identify the landmark: Mon, Cup, Dome. The abbre- 
viation “PA,” for position approximate, is used when necessary as a safety feature. 

When only one object of a group is charted, its name is followed by a descriptive 
legend in parenthesis, including the number of objects in the group, for example (TALL- 
EST OF FOUR) or (NORTHEAST OF THREE). 

Some of the accompanying labels on a chart are interpreted as follows: 

Building or house. One of these terms, as appropriate, is used when the entire struc- 
ture is the landmark, rather than an individual feature of it. 

4 spire is a slender pointed structure extending above a building. It is seldom 
less than two-thirds of the entire height of the structure, and its lines ere rarely broken 
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by stages or other features. The term is not applied to a short pyramid-shaped structure 
rising from a tower or belfry. 

A cupola (kii’pi-14) is a small dome-shaped tower or turret rising from a building 
(fig. 515). 

A dome is a large, rounded, hemispherical structure rising above a building, or a 
roof of the same shape. A prominent example is that of the Capitol of the United States, 
in Washington, D.C. 


A chimney is a relatively small, upright st’ ucture projecting above a building for 
the conveyance of smoke. 


Figure 515.—A cupola. 


A stack is a tall smokestack or chimney. The term is used when the stack is more 
prominent as a landmark than accompanying buildings. 

A flagpole is a single staff from which flags are displayed. ‘The term is used when 
the pole is not attached to a building. 

The term flagstaff is used for a flagpole rising from a building. 

A flag tower is a scaffold-like tower from which flags are displayed. 

A radio tower is a tall pole or structure for elevating radio antennas. 

A radio mast is a relatively short pole or slender structure for elevating radio 
antennas, usually found in groups. 

A tower is any structure with its base on the ground and high in proportion to its 
base, or that part of a structure higher than the rest, but having essentially vertical 
sides for the greater part of its height. 

A lookout station or watch tower is a tower surmounted by a small house from 
which a watch is kept regularly. 

A water tower is a structure enclosing a tank or standpipe so that the presence of 
the tank or standpipe may not be apparent. 

A standpipe is a tall cylindrical structure, in a waterworks system, the height 
of which is several times the diameter. 

The term tank is used for a water tank elevated high above the ground by a tall 
skeleton framework. 

The expression gas tank or oil tank is used for the distinctive structures described 
by these words. 
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516. Miscellaneous.—Measured mile. A measured nautical mile indicated on a 
chart is accurate to within six feet of the correct length. Most measurements in the 
United States were made before 1959, when the United State. adopted the International 
Nautical Mile. The new value is within six feet of the previous standard length of 
6,080.20 feet, adjustments not having been made. If the measured distance differs 
from the standard value by more than six feet, the actual measured distance is stated 
and the words “measured mile” are omitted. 

Periods after abbreviations in water areas are omitted, as these might be mistaken 
for rocks. However, a lower case 7 or j is dotted. 

Courses shown on charts are given in true directions, to the nearset minute of arc. 

Bearings shown are in true directions toward (not from) the objects. 

Commercial radio broadcasting stations are shown on charts when they are of 
value to the mariner either for obtaining radio bearings or as landmarks. 

Rules of the road. Lines of demareation between the areas in which international 
and inland rules apply are shown only when they cannot be adequately described in 
notes on the chart. 

Compass roses are placed at convenient locations on Mercator charts to facilitate 
the plotting of bearings and courses. The outer circle is graduated in degrees with 
zero at true north. The inner circle is graduated in points and degrees with the arrow 
indicating magnetic north. 

Magnetic information. On many charts magnetic variation is given to the nearest 
15’ by notes in the centers of compass roses; the annual change is given to the nearest 
V’ to permit correction of the given value at a later date. When this is done, the mag- 
netic information is updated when a new edition is issued. The current practice of the 
Defense Mapping Agency Hydrographic Center is to give the magnetic variation to 
the nearest 1’, but the magnetic information on new editions is only updated to con- 
form with the latest epoch (1975.0, 1980.0, etc.). Whenever & -nart is reprinted, the 
magnetic information is updated to the latest epoch. On other charts the variation is 
given by a series of isogonic lines connecting points of equal variation, usually a sep- 
arate line being given for each degree of variation. The line of zero variation is called 
the agonic line. Many plans and insets show neither compass roses nor isogonic lines, 
but indicate magnetic information by note. A local magnetic disturbance of sufficient 
force to cause noticeable deflection of the magnetic compass, called local attraction, is 
indicated by a note on the chart. 

Currents are sometimes shown on charts by means of arrows giving the directions, 
and figures giving the speeds. The information thus given refers to the usual or average 
conditions, sometimes based upon very few observations. It is not safe to assume that 
conditions at any given time will not differ considerably from those shown. 

Longitudes are reckoned eastward and westward from the meridian of Greenwich, 
England, unless otherwise stated. : oe 

Notes on charts should be read with care, as they may give important information ¢ 
not graphically presented. Several types of notes are used. Those in the margin give : 
such information as the chart number and (sometimes) publication and edition notes,  ~ 
identification of adjoining charts, etc. Notes in connection with the chart title include - 
such information as scale, sources of charted data, tidal information, the unit in which 
soundings are given, cautions, etc. Another class of notes is that given in proximity to 
the detail to which it refers. Examples of this type of note are those referring to local 
magnetic disturbance, controlling depths of channels, measured miles, dangers, dump- 
ing grounds, anchorages, etc. 
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THE NAUTICAL CHART 


tna RENIN 


Overlapping charts constructed on different horizontal geodetic datums (app. X) 
may carry the following note: 


CAUTION 


Differences in latitude and longitude may exist between tits and other 
charts of the area, therefore, the transfer of positions from one chart to 


| another should be done by bearings and distances from cummon features. 


Horizontal geodetic datum shifts may be given to provide the corrections necessary 
to shift to a different datum (app. X). It is the practice of the Defense Mapping Agency 
Hydrographic Center to provide, if plottable, the corrections to new charts and new 
editions of charts that are necessary to shift the geodetic datum to the World Geodetic 
System. 

Anchorage areas are shown within purple broken lines and labeled as such. Anchor- 
age berths are shown as purple circles with the number or letter assigned to the berth 
inscribed within the circle. Caution notes are sometimes shown when there are specific 
ancnoring regulations. 

Spoil areas are shown within short broken black lizes. The area is tinted blue 
(National Ocean Survey charts only) and labeled SPOIL AREA. 

Firing and bombing practice areas in the United States territorial and adjacent 
waters are shown on National Ocean Survey charts and Defense Mapping Agency 
Hydrographic Center charts of the same area and comparable scale. Danger areas 
established for short periods of time are not charted, but are announced locally. Danger 
areas in effect for longer periods are published in the Notice to Mariners. Any aid to 
navigation established to mark a danger area or a fixed or floating target is shown on 
charts. 

Traffic separation schemes show routes to increase safety of navigation, particularly 
in areas of high density shipping. Traffic separation schemes are showa on standard 
nautical charts of scale 1:600,000 and larger and are printed in purple. The arrows 
printed on charts to indicate tracks are intended to give the general direction of traffic 
only, ships need not set their ceurses strictly by the arrows. At points v...ere several 
recommended routes meet, circular or triangular separation zones with traffic direction 
arrows are own. 

Recommended tracklines, portrayed in black, are used to indicate suggested courses 
through particular passages and are selected svcording to their value for oceangoing 
ships. 

A logarithmic time-speed-distance nomogram with an explanation of its application 
is shown on harbor charts at scales of 1:40,000 and larger. 

Tidal boxes (fig. 5162) are shown on charts of scales 1:75,000 and larger. 


= ence URINE MORE IAEA MC semen Sos = 


TIDAL INFORMATION 


. Height above datum of soundings a ‘ 
Mean High Water Mean Low Water | 
| N.tat | E. tong | Higher_| Lower_| _Higher__| 
120°17" 


a 7 


Ficure 516a.—Tidal box. 
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Tabulations of controlling depths (fig. 516b) are shown on National Ocean Survey 
harbor charts. 


NANTUCKET HARBOR 


Tabulated from surveys by the Corps of Engineers - report of June 1972 
&nd surveys of Noy. 1971 


Controlling depths in channels entering frem Project Dimensions 
seaward in feet at Mean Low Water ~ 1 


. Left Middle Right Length Depth 
Name of Channel outside half of outside Width (navt MLW 
quarter channel = quartet (feet) miles) (feet) 





Hit 
ences! 


Entrance Channel 


Note -The Corps of Engineers should be consulted for changing conditions subsequent to the above 


Ficure 516b.—Tabulations of controlling depths. 





Title. The chart title may be at any convenient location, usually in some area 
not important to navigation. It is composed of severa! distinctive parts as shown in 


figure 516c. 
Reproductions of Foreign Charts 
: 517. Modified facsimile charts are modified reproductions of foreign charts pro- 
duced in accordance with bilateral agreements. Such agreements serve to provide the e 
mariner with more up-to-date charts. 
Modified facsimile charts published by the Defense Mapping Agency Hydro- 
graphic Center are, in general, reproduced with minimal changes. Such changes may : 
include all or part of the following: . = 
1. The original name of the chart is removed and replaced by an anglicized version. * = 
2. English language equivalents of names and terms on the original chart are Br 
printed in a suitable glossary on the reproduction, as appropriate. a ex # 
3. All hydrographic information, except bottom characteristics, is shown as de- | = 
picted on the original chart. ‘ 3 










4. Bottom characteristics are shown as depicted in Chart No. 1. é 
5. The unit of measurement. used for soundings is shown in block letters outside + 
the upper and lower neatlines. 
6. Ascale for converting charted depth to feet, meters, or fathoms is added. 
7. Ablue tint is shown from a significant depth curve to the shoreline, 
§. A blue tint is added to all dangers enclosed by a dotted danger curve. 
§. A blue tint is added to dangerous wrecks, foul areas, obstructions, rocks awash, 
sunken rocks, and swept wrecks. 
10. Aids to navigation, landmarks, and special area symbols and abbreviations 
on the original chart are changed to conform with Chart No. 1. -. 
11. Caution notes are shown in purple sind enclosed in a box. 
12. Restricted, danger, and prohibited areas are usually outlined in purple and 
labeled “RESTRICTED AREA,” “DANGER AREA,” etc. 


* 


wate 


; 13. Traffic separation schemes are shown in purple. e Page 
14. A uote on traffic separation schemes, printed in purple, is added to the chart. 
15. Wire dragged (swept) areas are shown in purple or green. “a... 
16. If plottable, suitable corrections are provided to shift the horizontal datum to "a 


or 


the World Geodetic System (1972). 
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WEST INDIES 
CUBA—SOUTH COAST 


vere GUANTANAMO BAY 


,_ {From U.S. Navy surveys to 1951 
s we J 
SOURCE AND DATE(S) OF SURVEY | with additions and corrections to 1975 


GENERAL GEOGRAPHIC AREA ————>- 


SOUNDINGS !N METERS 
(Under 31 in meters and half meters) 
reduced to the approximate level of Mean Sea Level 
HEIGHTS IN METERS ABLVE MEAN SEA LEVEL 

Contcur interval 10 meters 


CHART SOUNDING DATUM ————>- 


| For Symbols and Abbreviations, see Chart No. 1 
—_— _ . 
LEGEND Names and boundaries are not necessariiy authoritative 


PROJECTION ————————— MERCATOR PROJECTION 
HORIZONTAL DATUM ——~———-—— WORLD GEODETIC SYSTEM—i972 DATUM 
SCALE —> SCALE 1:200.000 AT LAT. 19°50’ 





Figure 516¢.—A chart title. 


518. International charts—The need for mariners and chartmakers to understand 
and use nautical charts of different nations became increasingiy apparent during the 
late 19th and 20th centuries as the ma time nations f the werld developed their own 
establishments for the compilation ard publication of nautical charts from hyaro- 
graphic surveys. There followed a growing awareness that international standazdiza- 
tion of symbols and presentation was desitable, which led to twenty-two maritime 
nations sending their representatives to a Hydrographic Conference in London in 1919. 
That conference resulted in the establist ment of the International Hydrographic 
Bureau (THB) in Monaco in 1921, where the seat of the International Hydrographic 
Organization (THO), with a membership of over forty States remains today. 

Recognizing that there was considerable duplication of effort by various Member 
States when each was charting the same parts of the ocean, and being conscious of the 
significant level of standardization in chart symbolization which had been reached, a 
move was made by the [HO in 1967 to introduce the first international chart. A Com- 
mittee of representatives from six Member States was organized which reported in 1970. 
The Committee drew up plans and specifications for two series of internationai charts 
of the oceans on scales 1: 10,000,000 and 1:3,500,000, respectively. The limits of each 
of some 83 of these charts, giving worldwide small scale navigational cover, were agreed, 
and responsibility for compiling each of these has subsequently been accepted by Mem- 
ber States’ Hydregraphic Offices. 

Once a Member State publishes an international chart, reproduction material 
is made available to any other Member State which may wish to pimt the chart for 
its own purposes. 

By 1974 twenty-one of these international charts had been published by 12 
Member States, while four Member States had availed themselves of the right to 
reprint. This encouraging beginning to a new era of international hydrographic coopera- 
tion has led te the establishment of a committee to study the problems invoived in ex~ 


tending the concept to larger scale charts. 
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International charts can be identified by the letters INT before the chart number 
and the International Hydrographic Organization seal in additicu to what other seals 
may appear on the chart. 


Chart Numbering System 


519. Chart numbering system.—The numbering of nautical charis produced and 
issued by the Defense Mapping Agency Hydrographic Center and the National Ocean 
Survey is based on a system in which numbers are assigned in accordance with the 
scale range and geographical area of coverage of a chart. With the exception of certain 
charts produced for military use only, one- to five-digit numbers are used. And with 
the exception of one-digit numbers, the first digit identifies the area; the number of 
digits establishes the scale range (fig. 519a). The one-digit numbers are used for products 
in the chart system which are not actually charts, such as Chart No. 1, Nautical Chart 
Symbols and Abbreviations, chart 5, National Flegs and Ensigns, and foreign symbols 
and abbreviations sheets for military use. 

Two- and three-digit numbers are assigned to these small-scale charts which depict 
the major portion of an ocean basin or a large area, with the first digit identifying the 
ocean vasin (fig. 519b). Two-digit numbers are used for charts of scale 1:9,000,000 and 
smailer. Three-digit numbers are used for charts of scale 1:2,000,000 to 1:9,000,000. 

Due to the limited sizes of certain ocean basins, no charts for navigational use at 
scales of 1:9,000,000 and smaller are published to cover these basins. The otherwise 
unused two-digit numbers (30 to 49 and 70 to 79) are assigned to special world charts, 
such as chart 33, Horizontal Intensity of the Earth’s Magnetic Field, chart 42, Afagnetic 
Variation, and chart 76, Standard Time Zone Chart of the World. 

One exception to the scale range criteria for three-digit numbers is the use of 
three-digit numbers for a series of position plotting sheets which are of larger scale than 
1:2,000,000 because they have application in ocean basins and can be used in 
all longitudes. 


Number of Digits 





1 No Scale 
| 2 1:9.000,000 and smaller. 
| 3 1:2,000.000 to 1:9.000,000. 
4 Nonnavigational and special purpose. 


1:2,000,000 and larger. 





Fictre 519a.—Sceles ranges for number of digits in chart number. 


Four-digit numéers are used for nonnavigational and special purpose charts, such 
as chart 5090, Afaneurering Board, chart 5101, Gnomonic Plotting Chart North Atlantic, 
and chart 7707, Omega Plotting Chart. 

Five-digit numbers are assigned to those charts of scale 1:2,000,000 and larger that 
cover portions of the coastline rather than significant portions of ocean basins. These 
charts are based on the regions of the nautical chart index (fig. 519). 

The first of the five digits indicates the region; the second digit. indicates the 
subregion; the last three digits indicate the geographical sequence of the chart within 
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Figure 319b.—Ocean basins. 


the subregion. Many numbers have been Jeft unused in order that. future charts may 
be placed in their proper geographical sequence as they are produced. 

In order to establish a logical numbering system within the geographical subregions 
(for the 1:2,000,000 and larger-scale charts), a worldwide skeleton framework of coastal 
charts was laid out at a scale 1°250,000. This skeleton series was used as basic coverage 
for the numbering except in areas where a coordinated series at about this scale already 
existed. An example of an exception is the coast of Norway were 2 coordinated series of 
1: 200,000 coast charts is in existence. Within each region, the geographical subregions 
are numbered counterclockwise around the continenis, and within each subregion the 
basic (1:250,000 skeleton) series also is numbered counterclockwise around the con- 
tinents. The skeleton coverage is assigned generally every 20th digit, except that the 
first 40 numbers in each subregion are reserved for smaller-scale coverage. Charts 
with scales larger than the skeleton coverage are assigned one of the 19 numbers 
following the number assigned to the skeleton sheet within which it falls. Thus, charts 
on the west coast of ihe Iberian Peninsula and the northwest coast of Africa are 
numbered as shown in figure 519d. 

As shown in figure 519d, five-digit. numbers are assigned to the charts produced by 
other hydrographic offices. This numbering system is applied to foreign charts so that 
they can be filed in Jogical sequence with the charts produced by the Defense Mapping 
Agency Hydrographic Center and the National Ocean Survey. 

Exceptions to the numbering system to satisfy military needs are as follows: 

1. Bottom contour and non-submarine contact charts at a scale larger than 

: 2,000,000 do not portray portions of a coastline but chart parts of the ocean basins. 
In view of the characteristics of these charts, they are identified with an alphabetical 
character plus four digits. The letter B denotes bottom contour charts with or without. 
Loran-A. The letter C denotes bottom contour charts with Loran-C information. 
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Cobo Fuusterre: 


NOTE 


“Foreign chart (normaity indexed in green in 

Pub 1-N, Catawg of Navocal Charts) not 
sold by Defense Mapping Agency 
Hydrograph Center but issued to US 
Navy and other suthonzed users 


Fraure 519d.—Area of subregion 51 illustrating the numerical sequence of larger-scale charts slong @ 
coast. 


The letter N denotes non-submarine contact charts containing Loran-C, and the letter 
D denotes bottom contour charts with Omega information. The first two digits of these 
charts describe the longitude band and the last two digits the latitude band, which in 
itself is a logical systein. 

2. Combat charts at a scale of 1:50,000, which would otherwise be assigned five- 
digit numbers, are assigned four digits separated by a letter of the alphabet. The first 
two digits indicate the region and subregion; the third character is a letter of the alpha- 
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bet; the last two digits indicate the geographical sequence of the chart within the 
subregion. 

The Defense Mapping Agency stock number is shown in the lower right-hand corner 
of the chart directly under the chart number. The letters and numbers have chart 
significance as indicated in figure 519e. 


Use of Charts 


520. Advance preparation.—Before a chart is to be used, it should be studied 
carefully. All notes should be read and understood. There should be no question of 
the meanings of symbols or the unit in which depths are given, for there may not be 
time to determine such things when the ship is underway, particularly if an emergency 
should arise. Since the graduations of the latitude and longitude scales differ con- 
siderably on various charts, those of the chart to be used should be noted carefully. 
Dangers and abnormal conditions of any kind should be noted. 

Particular attention should be given to soundings. It is good practice to select 
a realistic danger sounding (art. 1013) and mark this prominently with a colored pencil 
other than red. 

It may be desirable to place additional information on the chart. Arcs of circles 
might be drawn around navigational lights to indicate the limit of visibility at the 
height of eye of an observer on the bridge. Notes regarding the appearance of light 
structures, tidal information, prominent ranges, or other information from the light 
lists, tide tables, tidal current tables, and sailing directions might prove helpful. 

The particular preparation to be made depends upon the requirements and the 
personal preferences and experience of the individual navigator. The specific infor- 





| “53: 
+ §3 
COMPILATION DATA | 
tine Chart H-157 000000. 1:25.000, Ed. 1974 | 
‘Naneous data ' 
NAAR NESE Wi 


49° 84° 48° 





Anchorage and Port of La Plata 
: cae IN METERS—SCALE 1.25.000 240 5 l 


DMA STOCK NO. 


24BHA2405] 
Region | 
Subregion 
Portfoho 
(X indicates not 
in portfoho) 


Chart classification: 
CO=Coastal 
HA=Harbor and Approach 
OA=Operating Area 
GN=General 
WO=World (Included in 

2 or more regions) 





Chart number 


Fioure 519e.—Defense Mapping Agency stock number. 
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mation selected is not important. But it is important that the navigator familiarize 
himself with his chart so that in an emergency the information needed will be available 
and there will be no question of its meaning. 

521, Maintaining charts.—The print date in the lower left-hand corner of the chart 
is the date of the Jatest Notice to Mariners used to update the chart. Responsibility for 
maintaining it after this date lies with the user. An uncorrected chart is a menace. The 
various issues of Notice to Mariners subsequent to the print date contain all the infurma- 
tion needed for maintaining charts. The more urgent items are also given in advance 
in the Daily Memorandum or by radio broadcast. A convenient way of keeping a record 
of the Notice to Mariners corrections made to each chart on hand is by means of the 
5x8-inch Chart;Publication Correction Recerd Card (DMAHC 8660/9). 

Periodically the Defense Mapping Agency Hydrographic Center publishes a 
Summary of Corrections containing previously published Notice to Afariners corrections. 

When a new edition of a chart is published, it should be obtained and the old one 
retired from use. The very fact that a new edition has been prepared generally indi- 
cates that there have been changes that cannot adequately be shown by hand correction. 

522. Use and stowage of charts—Charts are among the most important aids of 
the navigator, and should be treated as such. When in use they should be spread out flat 
on asuitable chart table or desk, and properly secured to prevent loss or damage. Every 
effort should be made to keep charts dry, for a wet chart stretches and may not return 
to the original dimeasions after drying. ‘The distortion thus introduced may cause inac- 
curate results when measurements are made on the chart. 

Permanent corrections to charts should be made in ink so that they will not be 
inadvertently erased. All other lines should be drawn lightly in pencil so that they 
can be easily erased without removing permanent information or otherwise damaging 
the chart. To avoid possible confusion, lines should be drawn no longer than necessary, 
and adequately labeled. When a voyage is completed, the charts should be carefully 
and thoroughly eresed unless there has been an unusual incident such as a grounding 
or collision, when they should be preserved without change, as they will undoubtedly 
be requested by the investigating authority. After a chart has been erased, it should 
be inspected carefully for possible damage and for incompletely erased or overlooked 
marks that might prove confusing when the chart is next used. 

When not in use charts should be stowed flat in their proper ‘trawers or portfolios, 
with a minimum of folding. The stowed charts should be properly indexed so that 
any desired one can be found when needed. In removing or reylacing a chart, care 
should be exercised to avoid damage to it or other charts. 

A chart that is given proper care in use and stowage can hav« a long and useful life. 

523. Chart lighting.—In the use of charts it is important that adequate lighting 
be provided. However, the light on the bridge of a ship underway at night should be 
such as to cause the least interference with the darkness-adaptation of the eyes of 
bridge personnel who watch for navigational lights, running lights, dangers, etc. 
Experiments by the Department of the Navy have indicated that red light is least 
disturbing to eyes which have been adapted to maximum vision during darkness. In 
some instances red lights, filters, or goggles have been provided on the bridges or in 
chartrooms of vessels. However, the use of such light seriously affects the appearance 
of a chart. Red, orange, and buff disappear. Other colors may appear changed. This has 
led to the substitution of nautical purple for red and orange, and gray for buff on 
some charts. However, before a chart is used in any light except white, a preliminary 
test should be made and the effect noted carefully. If a glass or plastic top is provided 
for the chart table or desk, a dim white light below the chart may provide sufficient 
illumination to permit chart reading, without objectionable disturbance of night vision. 
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524. Use of small-craft charts.—Although the small-craft charts published by the 
National Ocean Survey are designed primarily for boatmen, these charts at scales of 
1:80,000 and larger are in some cases the only charts available of inland waters transited 
by large vessels. In other cases the small-craft charts may provide a better presenta- 
tion of navigational hazards than the standard nautical chart because of scale and detail. 


Therefore, it behooves navigators of large vessels transiting inland waters not to ignore 
the small-craft charts. 
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PART TWO 
PILOTING AND DEAD RECKONING 


Page 
137 
194 


Cuaprer VI. Instruments for Piloting and Dead Reckoning 

Cuarrter VII. Compass Error_....-_..-------~----------------- eeeneie Sue 
Cuarter VIII. Dead Reckoning 

Carter IX. The Sailings 

Cuapter X. Piloting 

Cuarrer XI. Use of Sextant in Piloting 

Cuaprer XII. Tide and Current Predictions 

Cuapter XIII. Sailing Directions and Light Lists 
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CHAPTER VI 
INSTRUMENTS FOR PILOTING AND DEAD RECKONING 


Introduction 


601. Kinds of instruments.—The word “instrument’’ has several meanings, at 
least two of which apply to navigation: (1) an implement or tool, and (2) a device by 
which the present value of a quantity is measured. Thus, a straightedge and a mechan- 
ical log are both instruments, the first serving as a tool, and the second as a measuring 
device. This chapter is concerned with the navigational instruments used for plotting, 
and those for measuring distance or speed, depth, and direction. Instruments for 
measuring time are discussed in chapter XV. These quantities are the basic data in 
dead reckoning (ch. VIII) and piloting (ch. X). Other instruments are discussed in 
chapters XV and XXXVII. 

In addition to the instruments discussed, several others are important to the 
navigator. Binoculars are helpful in observing landmarks. A flashlight has many 
uses, the principal one being to illuminate the scales of instruments when they are to 
be read at night. Erasers should be soft, and pencils should not be so hard that they 
damage the surface of the chart. The navigator’s chart is discussed in chapter V. 


Plotting Instruments 


602. Dividers and compasses.—Dividers, or “pair of dividers,” is an instrument 
originally used for dividing a line into equal segments. The instrument consists essen- 
tially of two hinged legs with pointed ends which can be separated to any distance 
from zero to the maximum imposed by physical limitations. The setting is retained 
either by friction at the hinge, as in the usual navigational dividers, or by means of a 
screw acting against a spring. 

If one of the legs carries a pencil or ruling pen, the instrument is called compasses, 
The two legs may be attached to a bar of metal or wood instead of being hinged, thus 
permitting greater separation of the points. Such an instrument is called beam com- 
passes or beam dividers. 

The principal use of dividers in navigation is to measure or transfer distances on 
a chart, as described in article 804. Compasses are used for drawing distance circles 
or any plotting requiring an arc of a circle. 

The friction at. the hinge of most dividers and compasses can be varied, and should 
be adjusted so that the instrument can be manipulated easily with one hand, but will 
retain the separation of the points in normal handling. A drop of oil on the hinge 
may be required occasionally. The points should be sharp, and should have equal 
length, permitting them to be brought close together for the measurement of very short 
distances. 

For navigation, it is desirable to have dividers and compasses with comparatively 
long legs, to provide adequate range for most requirements. It is desirable to learn 
to manipulate dividers or compasses with one hand. 

603. Parallel rulers are an instrument for transferring a line parallel to itself. In 
its most common form it consists of two paralle! bars or rulers, connected in such a 


137 








ce a su NMEA MEN TO 


= eens nen AIREY NINN w= ¢ 


















as auld 


mud ele AULA? oe Wd I 


ited By te nas EL 





ee ee 




































































































































































138 INSTRUMENTS FOR PILOTING AND DEAD RECKONING 


manner that when onc is held in place on a flat surface, the other can be moved, remain- 
ing parallel to its original direction. Firm pressure is required on one ruler while the 
other is being moved, to prevent slippag2. The principal use of parallel rulers in naviga- 
tion is to transfer the direction of a charted line to a compass rose, and vice versa. 

The edges of the rulers should be truly straight; and in the case of double-edged 
rulers, should be parallel to each other in order that either edge can be used. Paral- 
ielism can be tested by comparison of all edges with the same straight line, as a meridian 
or parallel of a Mercator chart. The linkage can be tested for looseness and lack of 
parallelism by “walking” the rulers between parallel lines on opposite sides of the chart 
and back again. 

Some metal parallel rulers have a protractor engraved on the upper surface to 
permit orientation of the ruler at any convenient meridian. 

In one type of instrument, parallelism during transfer is obtained by supporting 
a single ruler on two knurled rollers. Both rollers have the same diameter, and the 
motion of one is transmitted to the other by an axle having a cover which provides a 
convenient handle. This type of ruler is convenient and accurate, and is less likely 
to slip than the linked double-ruler type. However, care is necessary to prevent its 
rolling off the chart table when the vessel is rolling or pitching. 

Directions can also be transferred by means of two triangles such as are used in 
drafting, or by one triangle and a straightedge. One edge of a triangle is aligned in the 
desired direction and the triangle is then moved along a straightedge held firmly 
against one of its other edges until the first edge is at the desired place on the chart. 
Some triangles have protractors (art. €04) engraved on them io assist in transferring 
lines. Such a triangle becomes a form of plotter (art. 605). 
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604. Protractor.—A protractor is a device for measuring angles on a chart or 
other surface. It consists essentially of a graduated arc, usually of 180°, on suitable 
material such as metal or plastic. 

A three-arm protractor consists essentially of a circular protracter with three 
radiai arms attached. This instrument is discussed in greater detail in article 1102. 

605. Plotters.—The increased popularity of graphical methods in practical navi- 
gation during recent decades has resulted in the development of a wide variety of 
devices to facilitate plotting. In its most common form, such a device consists essen- 
tially of a protractor combined with a straightedge. There are two general types, one 
having no movable parts, and the other having a pivot at the center of the arc of the 
protractor, to permit rotation of the straightedge around the protractor. Examples 
of the fixed type are illustrated in figure 605. Those shown were designed for air navi- 
gaiicn, but are applicable to many processes of marine navigation. The direction of 
the straightedge is controlled by placing the center of the protractor are and the desired 
scale graduation on the same reference line. If the reference line is a meridian, the 
directions shown by the straightedge are true geographic directions. If, as in some 
processes of celestial navigation, it is desired to plot a line perpendicular to another 
line, the direction may be raeasured from a parallel of latitude or its equivalent, in- 
stead of adding or subtracting 90° from the value and measuring from a meridian. 
Some fixed-type plotters have auxiliary scales labeled to indicate true direction if a 
parallel is used as the reference. 

Most plotters also provide linear distance scales, as shown in figure 605. In the 
movabie-arm type of plotter, a protractor is aligned with a meridian, and the movable 
arm is rotated until it is in the desired direction. 

606. Drafting machine.—If a chart table of sufficient size is available, a drafting 
machine (fig. 606) is probably the most desirable plotting instrument. The straight- 
edge of this instrument can be clamped so es to retain its direction during movement 
over the entire plotting area. Straiyhtedges of various lengths anc linear scales are 
interchangeable. Some models make provision for mounting two straightedges per- 
pendicular to each other. However, for most purposes of navigation, the perpendicular 
is more conveniently obtained by the use of a triangle with a single straightedge. The 
movable protractor also retains its orientation, and can be adjusted to conform to the 
compass rose of a chart secured in any position on the chart table. Directions of the 
straightedge can then be read or set on the protractor without reference to charted 
compass roses. Use of the clamped protractor requires that charted meridians be 
straight and parallel, as on a Mercator chart (art. 305). Its use is restricted with pro- 
jections such as the Lambert conformal (art. 314), on which meridians converge. 

When a drafting machine is used, the chart or plotting sheet is first secured to 
the chart table. The straightecge is aligned with a meridian (or parallel) and clamped 
in position. The protractor is then adjusted so that 000° and 180° (090° and 270° 
if a parallel is used) are at the ruler indices, and clamped. With this setting, any sub- 
sequent position of the ruler is indicated as a rue direction. If the protractor is offset 
by the amount of the compass error (ch. VIT), true directions can be plotted by secting 
the straightedge at the compass direction on the protractor, without need for applying 
compass ezror arithmetically. However, it i- generally preferable to keep it set te irue 
directions. 

: If accurate resuits are to be obtained, the anchor base must be rigidly fastened to 
L, - the chart table. This should be checked from time to time, as the base may be 'sosened 
by vibration or norme! use. The pivets in the anchor base should be firm without 
binding. The endless belts of the parallel motion mechanism should be taut if ngicity 
of the ruler is to be preserved. Provision is usually made for adjusting each of the 
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Ficure 606.—Drafting machine. 


various rulers to uniformity of alignment so that any other ruler can be substituted 
without changing the setting. As with parallel rulers, the device can be checked for 
parallelism by mexns of meridians or parallels on opposite sides of a Mercator chart. 


Distance and Speed Measurement 





607. Units of measurement.— Mariners generally measure horizontal distances in 
nautical miles (art. 205), but occasionally in yards or feet. Feet, meters, and fathoms are 
used for measuring depth of water, and fect or meters for measuring height above water. 
Nations which have adopted the metric system use meters in place of yards, feet, and 
fathoms, and for some purposes they use kilometers in place of nautical miles. Con- 
version factors for these and other units are given in appendix D. Nautical miles of 
6,076.11549 feet (xpproximately) and land or statute miles of 5,280 feet can be inter- 

_converted by means of table 20. Meters, feet, and fathoms can be interconverted by 
means of table 21. 

Speed is customarily expressed in knots (art. 206), or for some purposes, in kilo- 
meters per hour, or yards or feet per minute. For short distances, a nautical mile can be 
considered equal to 2,000 yards or 6,000 feet. This is a useful relationship because 
6,000 feet 
60 minutes 
hundreds of feet per minute or, hundreds of yards per 3-minute interval. 

608. Distance, speed, and time are related by the formula 


=100 feet per minute. Thus, speed in knots is equal approximately to 


distance =speed X time. 
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Therefore, if any two of the three quantities are known, the third can be found. The 
units, of course, must be consistent. Thus, if speed is measured in knots, and time 
in hours, the answer is in nautical miles. Similarly, if distance is measured in yards, 
and time in minutes, the answer is in yards per minute. 

Table 19 is a speed, time, and distance table which supplies one of the three values 
if the other two are known. It is intended primarily for use in finding the distance 
steamed in a given time at a known speed. Table 18 is for use in determining speed 
by measuring the time needed to stearn exactly one mile. 

The solution of problems involving distance, speed, and time cen easily be accom- 
plished by means of a slide rule (art. 115 vol. II). If the index of scale C is set opposite 
speed in knots on scale D, the distance in nautical miles appears on scale D opposite 
time in hours on scale C. If 60 of scale C is set opposite speed in knots on scale D, the 
distance covered in any number of minutes is shown on scale D opposite the minutes on 
scale C. Several circular slide rules particularly adapted for solution of distance, speed, 
and time problems have been devised. One of these, called the “Nautical Slide Rule,’’ 


is suvwn in figure 608. 
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Figure 608.--The Nautical Slide Rule. 
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609. Measurement of distance to an object can be made in a variety of ways, as 
by radar (art. 4301) sextant angle (table 9), range finder, or by several indirect methods. 
Another method used principally for measuring distance between ships in formation, : 
but useful in measuring other distances, is by means of a small, hand-held instrument | 3 
called a stadimeter. ; 

Two types of stadimeters are illustrated in figure 609a. Both the Brandon or ° 3 
sextant type and the Fisk type operate on the principle used in table 9: . i 


S40 NM RM RH 


In a plane right triangle, ABC, having opposite sides a, 5, and c, 


tan A=} and b=a cot A. 





This is applied to the stadimeter as shown in figure 609b. The height of the object 
is set on the height scale of the instrument, and the measured subtended angle is ex- 
pressed in yards on the distance (range) scale. To measure the angle, one directs the 
line of sight through the instrument to the water line of the object observed, and ad- 
justs the range index until the reflection of the top of the object is seen in coincidence 
with the water line. If the readings are not within the scale of the instrument, some 
fraction or multiple of the height can be used and a corresponding adjustment made 
to the answer. Thus, if half the height is set on the instrument, the distance indicated 
is half the correct value. 

Since the observer’s eye is not at the water level, a right angle is not necessarily 
formed between the line of sight and the top of the observed object. However, the 
resulting error is so small that it can be neglected under ordinary circumstances. 

The aspect of a ship observed should be considered in stadimeter ranges. Thus, 
little error is introduced if the observer is broad on the beam of the other vessel, as in 
figure 609b, but less accuracy is obtained if the other vessel presents an end-on view, 
unless the water line directly below the masthead is correctly estimated. 
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Fievurz 609a.—Stadimeters Brandon (sextant) type at left; Fisk type at right. 8 


A stadimeter can ne used to .adicate that a change in distance has occurred, even 
when the height of the object is not known. Similar indication of a change in distance 
can be obtained by a sextant (art. 1005), or the actual distance can be determined by 
the measured angie and table 9 if the height is known. 
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Fictre 609%+—Geometry of a stadimeter measurement. The distance b=a cot A. 


610. Measurement of distance traveled may be made directly, or the distance 
can be determined indirectly by means of the speed and time, using the relationship 
given in article 608. 

One of the simplest mechanical distance-measuring devices is the taffrail log, con- 
sisting of (1) a rotator which turns like a screw propeller when it is towed through the 
water; (2) a braided log line, up to 100 fathoms in length, which tows the rotator and 
transmits its rotation to an indicator on the vessel; and (3) a dial and pointer mech- 
anism which registers the distance traveled through tLe water. In some installations, 
the readings of the register are transferred electrically to a dial on or near the bridge. 

The taffrail log is usually streamed from the ship’s quarter, although it may be 
carried at the end of a short boom extending outboard from the vessel. The log line 
should be sufficiently long, and attached in srch position, that the rotator is clear of 
the disturbed water of the wake of the vessel; otherwise an error is introduced. Errors 
may also be introduced by a head or following sea; by mechanical wear or damage, such 
as a bent fin; or by fouling of the rotator, as by seaweed or refuse. 

An accurately calibrated caffrail log in good working order provides information 
of sufficient reliability for most purposes of navigation. Its readings should be checked 
at various speeds by towing it over a known distance in an area free from currents. 
Usually, the average of several runs, preferably in opposite directions, is more accu- 
rate than a single one. If an error is found, it is expressed as a percentage and applied 
to later readings. The calibration should be checked from time to time. 

Although a taffrail log is included in the equipment carried by many oceangoing 
vessels, the convenience and rcliability of other methods of determining distance or 
speed have reduced the dependence formerly placed upon this instrument. 

611. Measurement of speed.—Speed can be determined indirectly by means of 
distance and time, or it can be measured directly. All instruments now in common 
use for measuring speed determine rate of motion through the water. This is done (1) 
by electromagnetic induction, (2) by differential pressure or measurement of the water 
pressure due solely to the forward motion of the vesse!, (3) by measuring the resistance 
to the motion of the vessel, (4) by means of a small screw propeller having a speed of 
rotation proportional to the speed of the vessel, and (5) by deter.nining the relationship 
between vessel speed and speed of rotation of its screw or screws. Instruments for 
measuring speed, like those for measuring distance, are called logs. 

Before the development of modern logs, speed was determined in a number of 
ways. Perhaps the most common primitive device is the chip log (art. 112), elthough 
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ground log (a weight, with line attached, whicn was thrown overboard and rested on 
the bottom in shallow water) and a Dutchman’s log (art. 112) have also been used. 
These devices are rarely used by modern navigators. 

Speed ever the bottom can be determined (1) by direct measurement as by doppler 
sonar speeu tog (ch. XLVI) and sensing accelerations (ch. XLVI); (2) by measuring on 
the chart or plotting sheet the distance made good between fixes, and dividing this by 
the time; or (3) by finding the vector sum of velocity through the water and velocity 
of the current. 

612. Problems of water-speed measurement.—Speed measured relative to water 
is not a stable well-defined quantity because of the mriiou ut ‘he water itself. Most 
speed logs now used to measure speed through the water measure speed relative to 
water within the hydrodynamic influence of the vessel’s hull and in the immediate 
vicinity of the motion sensor itself. Speed measured with respect to a smal} volume of 
the water disturbed by a vessel’s hull may vary significantly from speed with respect 
to a nearby volume of water. In addition, the motions of a vessel, such as ya and pitch, 
introduce variations in the speed over ground. These speed variations combined with 
sensor response characteristics can generate appreciable errors in the speed measure- 
ment. Many of the uncertainties and errors in the measurement of a vessel’s speed are 
functions of the ocean environment and of the characteristics of the vessel carrying 
the speed sensor. These causes of measurement uncertainty limit the ultimate accuracy 
of a speed log installation irrespective of the accuracy of the instrumentation itself. 

The potential flow field represents the changes in the water velocity and pressure 
distributions caused by the shape, size, and orientation to the flow of the vessel carrying 
the speed sensor. As water changes its flow direction to pass around the underwater body 
of a vessel of a given configuration, the resulting accelerations and decelerations gen- 
erate water velocities near the hull that are significantly different from ihe velocity of 
water relative to the vessel far from the influence of the vessel’s null. 

Since gach hull configuration experiences different local velocities, each system 
(hull and sensor) must be calibrated to remove the system errors inherent in the com- 
bination of hull and sensor. The usefulness of measured-mile calibrations in calibrating 
out system errors is limited by the water depth. Many of the available measured-mile 
courses are too shallow for accurate calibration. ‘The viscosity of the water results in a 
f-iction boundary layer or layer of water carried aiong with the hull. The thickness of 
this boundary Jayer varies from fractions of inchcs at the bow to the order of feet near 
the stern. In this layer, the water velority changes from zero at the hull to a value 
within several percent of free-stresin velocity at the outer edge of the boundary layer. 
As a consequence, sensing elements usually have to extend beyond the boundary layer. 

Appendages, such as sonar domes, create wakes that cause error in speed sensors 
located downstream. For optimum operation, speed sensors should not be mounted near 
wakes of appendages. However, it is not always possible to place a sensor entirely out 
of the wake of an appendage and the resulting error must be accepted. 

Shallow water effect is a particular aspect of the potentiai-flow problem that eccurs 
when a vessel is in shallow water. The closeness of the bottom changes the potential- 
flow velocity distribution by restricting the region in which the water can flow around 
the hull, causing an increase in the speed reading of a bottem-mounted sensor. The speed 
preblem is compounded because shallow water increases the drag of a vessel causing 8 
decrease of actual speed. It is possible that the spced-reading error coupled with the ac- 
tual speed decrease may result in no change in indicatcd speed, while, in fact, the vessel 
has actually slowed. The precise effects of shallow water on the speed reading are 
difficult to determine for any specific vessel, and there is no rule of thumb that is 
apvlicable to al! types and sizes of hulls. 
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The speed sensor is usually rigidly uttached to and undergoes the motions of 
the vessel carrying it. The vessel may be considered a rigid bod: ~ ith six degrees of 
freedom, three translation degrees cf the vessel’s center of gravity and three rotational 
degrees about the center of gravity. The speed sensor or sensing region is seldoin located 
at the vessel’s center of gravity; therefore, the sensor undergoes additional line «wr dis- 
placements proportional to the distance from the center of gravity and the rotaticn rate. 

Aversge motion errors resui. from static or dynamic orientaticn difference from 
the designed sensor orientation. Speed sensors are usually orientated to measure the 
water velocity component parallel to the longitudinal axis of the vessel. Neglecting the 
effects of vessel trim on the water flow near the hull, a change in the static trim from the 
design trim could reauce the sensed velocity by the cosine of the trim angle through the 
geometric effects alone. Also, the vessel is normally pitching, yawing, and rolling. The 
instantaneous pitch and yaw angles cause similar cosine function reductions because the 
vessel’s actual velocity vector is not parallel to the longitudinal axis, and the sensor 
signa} is always reduced by these effects. A more significant error results when the vessel 
has a drift component due to wind. The speed sensor will not measure this leeway. 
Most of the average motion errors are yuite small (less than a few tenths of 1 percent) 
and can be neglected. Leeway,due to wind may be several knots and cannot b3 neglected 
it accurate velocity sensing is required. 

Oscillatory errors are the differences between the instantaneous speed reading and 
the vessel’s speed caused by its motion. The oscillatory errors tend to average out 
over @ period of scveral minutes but may cause appreciable errors in applications 
requiring a continuous speed input. While almost all of the vessel’s motions affect the 
instantaneous speed reading, the primary cause of the oscillatory error is the pitching 
motion. For example, for a vessel pitching with an amplitude of only 214 degrees and 
a period of 5 seconds with the sensor mounted 10 feet below the center of gravity, the 
oscillatory error is + 1/3 knot. 

Maneuvering errors are those speed-sensing errors caused by controlled motions 
of the vessel. For example, when a vessel turns, a drift angle is developed between the 
heading and the actual water velocity vector at the sensor. ‘Ihe speed sensor only 
measures the longitudinal velocity component, and the speed is reduced by the cosine 
of the drift angle at the sensor. 

Variability is one of the primary charecteristics of water movement in the ocean. 
This allows prediction of only average values, with the possibility that at any particular 
time the actual current may be quite different in both direction and magnitude. For 
example, in the Gulf Stream off Florida, there is 72 percent probability that the current 
will be toward the northeast with u strength greater than 2 knots. However, there is a 
4 percent probability of no current, and a 7 percent probability that the current will 
be toward the southwest with a <‘r .gth of 2/3 to 1 knot. In the Sargasso Sea there is 
almost equal probability of any . + rent direction with magnitudes of 1/3 to 2/3 knot. 
Thus, it becomes obvious that in correcting for current, average values can be predicted, 
but large errors are possible unless currents can be accurately measured. 

Problems of water-speed r sasurement by doppler sonar speed logs are discussed 
in chapter XLV. 

613. The electromagnetic underwater Jo mmonly called the EM Iog, consists 
essentially of a rodmeter, sea valve, indie uw ~t.ansmitter, and remote control unit 
(fig. 6132). The rodmeter is a strut of streamlined cross section. A sensing device near 
its tip develops a signal voltage pr-,ortional to the speed of the water past it. Of the 
two general types of rodmeters, one is fixed hull mounted and the other is retractable 
through a sea valve. The sea valve is mounted in the huil of the vessel and provides a 
watertight support through which the retractable rodmeter protrudes. It alsu seais 
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Friaure 613a.—Components of electromagnetic underwater log. 
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the vessel’s hull when the rodmeter is removed. The indicator-transmitter houses all 
moving parts of the equipment and performs tho following functicns: (1) It indicates 
the vessel’s speed in knots on a dial, (2) it operates synchro transmitters to generate 
corresponding syncnro signals for transmission of speed signuls to receivers, (8) it 
registers on a counter the distance in nautical miles that the vessel has traveled through 
the water, and (4) it develops a synchro signal representing distance for transmission 
to receivers. The remote cortrol unit may be used to set speed into the indicator- 
transmitter. In this mode the underwater log is being used as a dummy log. 

The fixed rodmeter is designed for submarines, mounts on the exterior of the 
hull, and does not reauire a sea valve. The hull penetration is small since only the 
connector end of the :odmeter passes into the hull. There may be two or three rods 
installed, depending on the submarine. Ono is usually mounted topside. A fixed rodmeter 
has also been developed for use on surface vessels. 

The principle of the electromagnetic log is that any conductor will produce a 
voltage -vhen ‘v is moved across a magnetis field o> when a magnetic field is moved 
with respect to the conductor. Figure 613b illustrates this in elementary form. Note 
that the direction of the field, the direction of motion, and the direction of vuhe induced 
voltage are all at right angles to cach other. If the magnetic field remaius constant, the 
magnitude of the voltage will be proportional to the speed of movement in the, direction 
indicated. 

MAGNETIC 
FIELD 


INDUCED VOLTAGE 


IN CONDUCTOR 
MOTION 


Fiaure 613b.—Voltage induced by relative movement between magnetic field and conductor. 


In the electromagnetic log system, a magnetic field produced by a coil in the 
sensing unit at the outer end of the rodmeter is set up in the water in which the vessel 
is floating. The sensiug unit’s outer surface is an insulating layer or boot, except for two 
Monel (nickel-copper alloy) buttons, one on each side of the rodmeter. As shown in 
the inset at the upper left of figure 613c, the horizontal plane in which the buttons 
are located is in the water. The axis of the coil in the sensing wnit is perpendicular to 
this plane, and so are its magnetic flux lines where they cut the plane If the vessel is 
moving in the direction indicated by the white arrow, the flux lines cut the water in 
this plane and induce a voltage in it. Since the plane is cut by the insulating boot of 
the rodmeter, the induced voltage, sometimes called electromotive force (emf), appears 
at the huttons in the boot. 

A better understanding of this effect can ba obtained by comparing the inset 
of figure 618c with the main part of the figure. The main part shows the coil, its flux 
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field, and one possible symmetrical ‘water circuit’? (the broken white line from button 
to button) in which the voltage is induced. The inset shows the plane in which the 
“water circui$” (one of the many that are possible) exists. 

The voltage induced by the vessel’s motion is.in general proportional to the 
rodmeter’s speed with respect to the water. The induced voltage is affected by the 
flow characteristics of the water past the rodmeter (whether laminar (smooth) or 
turbulent). The sensor and electronics are designed so that no significant current is 
drawn from the induced voltage and normal variations of water conductivity do not 
affect the sensor accuracy. 

The vessel’s motion other than forward speed, such as pitch and roll, wil also 
produce output signals from the rodmeter. 

In order to accurately measure the precise speed signal generated by the sensing 
unit, most electromagnetic log systemic employ a “null-balance” type of electronic 
voltmeter. For systems currently in naval service, this voltmeter employs an electro- 
mechanical servo and dial indicator system such as the one illustrated in figure 613d. 
Newer syster- use all electronic instrumentation and have digital displays. Typical 
system char «+ ristics include: (1) sensor output signal of 325 microvolts per knot; 
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Figure 613c.—Sensing principle of electromagnetic log. 
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REMOTE CONTROL 
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Fieurs 6134.—Electromagnetic log speed measuring system. 


(2) instrument speed accuracy of 0.05 knot; (3) sensitivity to speed changes of 0.01 
knot; (4) instrument distance accuracy of better than 1 percent of water distance 
traveled; and (5) capability to compensate for different hull flow characteristics. 
Several commercial electromagnetic logs provide slightly less precision. 

614. Speed measurement by dynamic water pressure.—When an object is moving 
through a fluid such as water or air, its ferward side is exposed to a dynamic pressure 
which is proportional to the speed at which the object is moviag, in addition to the 
static pressure due to depth and density of the fluid above the object. Therefore, if 
dynamic pressure can be measured, this principle can be used for determining speed. 

One of the most widely used means of measuring dynamic pressure is by a Pitot 
tube. This device consists of a tube having an opening on its forward side or end. 
If the tube is stationary in the water, this opening is subject to static pressure only. 
But when the tube is in motion, the pressure at the opening is the sum of static and 
dynamic pressures. This is called Pitot pressure or total pressure. The Pitot tube is 
surrounded by an outer tube which has openings along its athwartship sides. Whether 
the tube is stationary or in motion, these openings are subject to static pressure only. 

In the Pitot-static log the Pitot tube is in the form of a vertical “rodmeter” which 
extends through and is supported by a sea valve in the the vessel’s bottom. The tube 
extends 24 to 30 inches below the bottom of the vessel, into water relatively undisturbed 
by motion of the hull. The two pressures, Pitot and static, are led to separate bellows 
attached to opposite ends of a centrally pivoted lever. This lever is electrically con- 
nected to a mechanism which controls the speed of a pump. When the vessel is dead 
in the water, the pressures are equal, and the pump is stopped. When the ship is moving, 
the pump speed is regulated so that the pressnres in the two bellows are equalized. 
Thus, the pump speed is proportional to the ship speec. 

Various less accurate instruments have been devised for determining speed by 
measuring water pressure due to forward motion of the vessel. These are relatively 
simple, inexpensive instruments intended primarily for use by small craft. One instru- 
ment, the force log, has a strut which the water pressure forces aft against a calibrated 
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spring. A flexible hydraulic cable transmits the motion to a speed indicator. The force 
log is probably the oldest of the speed logs used today. The principle of this log is that | 
the resistance (drag) force on a drag strut is proportional to the square of the vessel’s 
speed. Another instrument uses a small scoop attached to the hull of the vessel. The | 
pressure of the water scooped up is transmitted by tubing to the speed indicator, which 
is essentially a pressure gage graduated in knots. A third type measures the drag of a | 
small towed object. The accuracy of such devices depends to a large extent upon the 
refinements of design, manufacture, installation, maintenance, and calibration. 

615. Impeller log.—The impeller log may be a hull-mounted or a towed log. The 
impeller (propeller) rotates as it moves through the water. The number of its revolu- 
tions is proportional to the distance traveled through the water, and its speed of rota- 
tion is proportional to the vessel’s speed. These logs usually employ a magnetic- 
induction type of pulse frequency generator so that no physical contract, other than — 
bearing surface, is required between the rotor and the body of the instrument. This 
design permits the use of simple and accurate instrumentation. The characteristic , 
curve of output frequency versus speed for this log is quite linear, except at very low , 
speeds. The nonlinear curve at low speeds is the result of bearing drag on the otherwise | 
freely rotating impeller. i 

616. Speed by engine revolution counter—Tho number of turns of a propeller 
shaft is proportional to the distance traveled. If the element of time is added, speed | 
can be determined. If the screw were advancing through a solid substance, the dis- i 
tance it would advance in one revolution would be the pitch of the screw. Thus, if a 3 
propeller having a pitch of ten feet turns at 200 revolutions per minute, it advances i 
2,000 feet in one minute. equivalent to a speed of 19.75 knots. It does not do so in | 


water because of slip, the difference between the distance it would advance in a solid 
substance and actuai distance traveled, expressed as a percentage of the former. For 
example, if slip is 18 percent, both the ship’s speed and distance covered are reduced 
by this percentage. Thus, instead of 19.75 knots, the speed is only 19.75X0.82=16.2 
knots. 

Slip depends upon the type and speed of rotation of the propeller, the type of 
ship, the condition of loading and ship’s bottom, the state of the sea and the ship’s 
course relative to it, and the apparent wind. Despite the many variables, clip can be 
determined with sufficient accuracy for practical navigation. This is usually accom- 
plished by steaming a known distance and noting the time of passage. The speed . 
corresponding to the number of revolutions being used can then be determined by 
means of the formula of article 608, in the form 


distance 


speed= Fine 


or by reference to table 18 (if the distance is exactly one mile). ‘Thus, speed can be 
determined directly, without computing slip, and a table or curve of ship speed for 
various engine revolution speeds can be made. Appendix U provides guidelines for 
determining speed in this manner. Any suitable distance can be used, but a distance 
of one nautical mile has been measured at varicus convenient locations. Each such 
measured mile is suitably marked cn the beach, und shown on the chart, with the 
course to steer. 

This method of determining speed is widely used in the merchant murine. By means 
of an engine revolution counter the number of revolutions during any suitable time 
interval can be measured. If a tachometer is available, the rate of shaft revolution is 
determined, usually in revolutions per minute. For best results, allowance should be 
made for condition of the bottom, draft and trim of the vessel, and the state of the sea. 
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Depth Measurement 


617. Importance.—Accurate knowledge of the depth of water under a vessel is 
of such navigatione] importance that there is a legal requirement that American 
merchant vessels of 500 gross tons or more engaged in ocean and coastwise service 
“shall be fitted with an efficient mechinical deep-sea sounding apparatus in addition 
to the deep-sea hand leads.” 

628. The lead (18d) is a device consisting of a suitably marked line having a 
weight attached to one of its ends. It is used for measuring depth of water. Although 
the lead is probably the oldest of all navigational aids, it is still a highly useful device, 
particularly in periods of reduced visibility. Although its greatest service is generally 
in the shoal water near the shore, it sometimes can provide valuable information when 
the vessel is out of sight of land. 

Two types of lead are in common use, the hand lead, weighix + from 7 to 14 pounds 
and having a line marked to about 25 fathoms; and the deep-sea (dipsey) lead, weighing 
from 30 to 100 pounds and having a line marked to 100 fathoms or more in length. 
The markings commonly used on lead lines are as follows: 


Distance Disiance 
from lead from lead 
in fathons Marking an fathoms Marking 
2 __two strips of leather 20 short line with two knots 
3 three strips of leather 25 short line with one knot 
5 white rag (usually cotton) 30 short line with three knots 
7 red rag (usually wool) 35 short line with one knot 
10 —_ leather with hole 40 short line with four knots 
13 same as three fathoms 45 short line with one knot 
15 same as five fathoms 50 short iine with five knots 
17 same as seven fathoms etc. 


Fathoms marked on the lead line are called marks. The intermediate whole fathoms 
are called deeps. In reporting depths it is customary to use these terms, as “by the 
mark five,” “deep six,” etc. The only fractions of a fathom usually reported are halves 
and quarters, the customary expressions being “and a half, eight,” “less a quarter, 
four,” etc. A practice sometimes followed is to place distinctive markings on the hand 
lead line at each foot near the critical depths of the vessel with which it is to be used. 
The markings should be placed on the lead line when it is wet, and the accuracy of 


" the marking should be checked from time to time to detect any changes in the length 


a 


of the line. The distance from the hand of the leadsman to the surface of the water 
under various conditions of loading should be determined so that correct allowance 
can be made when the marking nearest the surface cannot be observed. 

The lead itself has a recess in its bottom. If this recess is filled with tallow or other 
suitable substance, a sample of the bottom can sometimes be obtained. This informa- 
tion can prove helpful in establishing the posit‘on of the vessel. If tallow is not avail- 
able, some other substance can be used. Soap is suitable if it is replaced from time to 
time. When the recess is filled for obtaining a sample, the lead is said to be armed 
with the substance used. 

619. Echo sounder.—Most soundings are made by means of an echo sounder. In 
this instrument a pulse of electrical energy is converted periodically to sound cxrergy 
and transmitted downward by a transducer. When the energy strikes the bottom (or 
any other object having acoustic properties different from those of water), a portion 
is reflected back to the transducer as an echo. This energy is reconverted to electrical 
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CoM A cae 


energy for presentation. Because the speed of sound in water is nearly constant, the! 
amount of time which elapses between the transmission of a pulse and the reception | 
of its echo is 2 measure of the distance traveled, or in this case, depth.. i 
Depth information is presented in either of two ways; namely, an indicator con- ! 
sisting of a cathode-ray tube or a recorder which re-ords depth on calibrated paper. j 
There are many forms of echo sounder. A typicel installation (fig. 619a) consists © 
essentially of a receiver-transmitter, transducer, and interconnecting cables. The 
receiver-transr ter includes all components and subassemblies of the system, except 
the transducer and interconnecting cables. The recorder performs the function of 
recording depth versus time on a paper roll visible through a window in the cabinet’s 
front door. When the recorder is used, it keys the transmitter at a predetermined rate. 
The cathode-ray tube indicator, mounted below the recorder, indicates depth on a 
cathode-ray tube; « calibrated circular dial overlays the cathode-ray tube providing 
. a means for reading the depth through an opening in the cabinet’s front door. When 
the indicator is used, it keys the transmitter at a predetermined rate. The transducer 
converts the electrical energy to sound energy, transmits the sound into the water, 
receives returned echoes, and converts the returned energy to electrical energy. 
When the recorder of the typical installation (fig. 6192) is energized by placing © 
the depth range switch in one of the three recorder positions (600 feet, 600 fathoms, |. 
6000 fathoms), a specially treated recording paper, held between two rollers, is moved { 
at a uniform speed horizontally in front of a grounded plate. At the same time a stylus | 
assembly is moved at a uniform speed vertically across the face of the paper. The rate 


me 


' of movement depends on the range selected, and is so fixed that one of the two stylii 
appears at the top of the recording paper (6 depth) when the transmitter is keyed and 
reaches the bottom of the paper at the same time as an echo would be received from 
the maximum depth of the selected depth range. 

The recording paper is marked by the application of a voltage between the stylus 
and the grounded plate when the echo is received. 

In the same installation, depth indication on the 100 feet and 100 fathom scales 
is given on the face of a cathode-ray tube by radial modulation of a circular sweep. 
The illuminated trace follows a circular course at a constant angular velocity. The time 
to complete one revelution is the time required for an echo to return from 100 feet or 
100 fathoms at the assumed speed of sound in water. The transmitted puise and the | 
returned echoes cause radial modulations. Beams of light thus appear behind a cali- | 
brated screen covering the indicator tube face, one at position zero (transmitted pulse) j 
and the others at positions corresponding to the echoes (fig. 619b). - 

The transmitter is keyed mechanically by the recorder or electronically by the , 
cathode-ray tube indicator circuit, depending on the depth range scale in use. Keying | , 
may be automatic or manual. { 

The operator must observe certain precautions in his use of this typical installation. 
He must change depth range scales when conditions warrant. For example, a depth of 
300 feet can be recorded on the 6000-fathcm scale, better on the 600-fathom scale, 

ae but best on the 600-foot scale. If a range is selected which is less than the water depth, 
the echo will return either after the stylus that keyed the transmitter has left the paper 
(resulting in no indication) or after the other stylus has reached the paper (resulting in 
a false indication). Similarly, if an indicator range is selected which is less than the 
water depth, the result will be no indication or a false indication. 

Examples of how false echoes can be produced follow. Suppose the water depth 
beneath the vessel is 1,300 feet and the 600-foot recorder scale is in use. Refar to figure 
619c. Stylus A marks the paper at zero and travels downward while stylus B travels fs 

as ow upward. Stylus B must travel a distance corresponding to 1,200 feet before it appears “~~ 
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Fictre 619a.—Echo sounder. 
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Fictre 619b.—Cathode-ray tube indicator. Freure 619¢.—Side view of stylus belt. 


at the zero line. If the water depth is 1,300 feet, stylus B will mark the paper at 100 feet. | 
It is obvious that if the water depth is from 600 to 1,200 feet, no echo will appear on | 
the paper. 

If the water depth is 120 feet and the 100-foot indicator scale is in use, a false echo 
will appear at 20 feet. 

In either case, the false indications can be avoided by starting on the highest scale 
and then switching to the scale best suited to give optimum presentation. 

The receiver gain must be set for optimum response. Too high a gain will result in 
reverberation which manifests itself as an elongation of the transmitted pulse. Too 
high a gain may also result in multiple echoes. Multiple echoes are caused by the re- 
turning echo striking the vessel’s keel or the water surface, reflecting back to the bot- 
tom, and again returning to the transducer. Very often, several of these multiple 
echoes can be seen. In shallow water, multiple echoes may produce a straight line 
the full length of the recorder paper or, if operating on the indicator ranges, produce a 
solid mass of echoes which merges with the initial pulse. Since multiple echoes are 
considerably attenuated with respect to the original echo, they may he eliminated by 
operating with a lower gain setting. Too low a gain, on the other hand, will not 
develop enough voltage from an otherwise suitable echo to mark the paper. 

Echo sounders of American manufacture are calibrated for a speed of sound of 
4,800 feet per second. The actual speed varies primarily with the temperature, pressure, 
and salinity, as discussed in article 3503, but in the ocean is nearly always faster than 
the speed of calibration. The error thus introduced is on the side of safety unless the j 
water is fresh or very cold. Soundings shown on charts are those obtained by an echo 
sounder without correction, and can therefore be compared directly with the readings 
obtained aboard ship since the variation in speed from mean conditions is rvt great. 
Only in precise scientific work should it be necessary to correct the readings for actual 
sound speed under prevailing conditions. Accurate adjustment can be made only if 
information is available on conditions at various depths. 

Errors are sometimes introduced by false bottoms. If soft mud covers the ocean 
ficor, some of the sound-wave energy may penetrate to a harder layer beneath, resulting 
in indicution of two buttoms. It isi‘ unusual in deep water to receive a strong return 
at a depth of ubout 200 fathoms « .-.ag the day, and somewhat nearer the surface at 
night. This is callea the phantom bottom or deep scattering layer. It is believed to be 
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due to large numbers of tiny marine animals. Schools of fish return an echo sufficiently 
strong to make the echo sounder a valuable aid to commercial fishermen. 

In modern equipment the sound waves, whether sonic or ultrasonic, are produced 
electrically by means of a transducer, a device for converting electrical energy to sound 

> waves, or vice versa. The transducer utilizes either the piezo-electric properties of 
quartz or the magnetostriction properties of nickel and ifs alloys. 

Early models produced sound signals by striking the ship’s hul! with a mechanical 
hammer in the forward part of the vessel. The echo was received by a microphone in 
the after part of the vessel, depth being determined by the angle at which the signal 
returned. 


Direction Measurement 


620. Reference directions——A horizontal d:rection is generally expressed as an 
angle between a line extending in some reference direction and a line extending in the 
given direction. The angle is numerically equal to the difference between the two 
directions, called the angular distance from the reference direction. Unless th2 reference 
direction is stated or otherwise understood, the intended direction is in doubt. Thus, 
to a navigator, direction 135° is southeast. To an astronomer or surveyor, it may be 
northwest. 

A number of reference directions are used in navigation. If a direction is stated in 
three figures, without designation of reference di:ection, it is generally understood that 
the direction is related to true (geographical) north. When grid navigation (art. 2510) 
is being used, particularly in high latitudes, grid north is generally used as the reference 
direction. The reference direction for magnetic directions is magnetic north, and that 
for compass directions is compass north. For relative bearings it is the heading of the 
ship. For amplitudes, the reference direction is east or west, usually 090° or 270° true, 
but magnetic, compass, or even grid east or west may be used. In maneuvering situa- 
tions, the heading of another vessel might be used as the reference direction. 

The primary function of an instrument used for measuring direction is to determine 
the reference direction. This having been done, other directions can be indicated by 2. 
compass rose oriented in the reference direction. North is established by some form of 
compass. A compass rose is attached to the north-seeking element so that other direc- 
tions can be detes.nined directly. However, if one always keeps in mind that the primary 
function of the instrument is to indicate a reference direction, he should be able to avoid 
some of the mistakes commonly made in the application of compass errors. _ 

621. Desirable characteristics of a navigational compass.—To adequately serve 
its purpose, a navigational compass needs to have certain characteristics to permit it 
to meet requirements of accuracy, reliability, and convenience. 

The most important characteristic is accuracy. No other quality, however im- 
portant or to whatever extent it may be possessed, compensates for the lack of accuracy. 
This does not mean that the compass need be without error, but that such errors as it 
may possess can be readily determined. Provisions should be made for removing 
deviation or reducing it {0 a minimum (ch. VJJ). If accurate horizontal directions 
are to be determined, the compass needs to be provided with some type of compass 

rese maintained in a horizontal position (art. 303, vol. II). Adequate sighting equipment 
is needed if bearings are to be observed, and an index is needed to mark the forward 
direction parallel to the keel if heading is to be measured. Accurate readings cannot 
be expected from a compass that hunts (oscitlates) excessively. A characteristic closely 
related to accuracy is precision (art. 103, vo:. II). The amount of precision required 
varies somewhat with the use and depends as :nuch upon the steadiness of the compass 
and its design as upon its inherent qualities. 
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A compass is reliable when its operation is not often interrupted; when its indica- 
tions are relatively free from unknown or unsuspected disturbances; when it is little 
affected by extremes of temperature, moisture, vibration, or the shock of gunfire; and 
when it is not so sensitive that large errors are introduced by ordinary changes in condi- 
tions or equipment near the compass. 


| 


The value of a compass is dependent somewhat upon the convenience with which 


it can be used. Accuracy, too, may be involved. Thus, a compass should not be instailed 
in such a position that one must be in an unnatural or uncomfortable position to use 
it. A compass intended for use in obtaining bearings is of reduced value if it is installed 
at a location that does not permit an unobstructed view in most directions. The com- 
pass graduations and index should be clean, adequately lighted if the instrument is to 
be used at night, and clearly marked. 

622. Kinds of compasses.—The compasses commonly used by the mariner are 
(1) magnetic and (2) gyroscopic. The magnetic compass tends to align itself with the 
magnetic lines uf force of the earth, while the gyrocompass seeks the true (geographic) 


meridian. The word “compass” is also applied to instruments which do not contin- . 
uously indicate some form of north. Thus, the free gyro (art. 630) tends to remain | 


approximately aligned with any great circle to which it is set. 

A compass may be designated to indicate its principal use, as a standard, steering, 
or boat compass. The compass designated as standard is usually a magnetic compass 
installed in an exposed position having an unobstructed view i: most directions, per- 
mitting accurate determination of error. Preferably, it is located at a magnetically 
favoreble position near the bridge. Before the development of . reliable gyrocom- 
pass, the standard compass was used for navigation of the vessel an for determining 
the error of the steering compass. 

Although the modern, reliable gyrocompass has largely superseded the magnetic 
compass for most purposes, directional information is so important to a vessel that the 
availability of a second method is considered justified. It is wise to understand both 
types, keep a record of errors and the performance of all compasses, and io compare 
the indications of magnetic and gyrocompasses at frequent intervals, as every half 
heur when underway. 

623. Magnetic compasses.—If 2 small magnet is pivoted at its center of gravity 
in such manner that it is free to turn and dip, it will tend to align itself with the magnetic 
field of the earth (art. 706). It thus provides a directional reference and becomes a 
simple compass. However, such a compass would not be adequate for use aboard 
ship. For this purpose a compass should have a stronger directive element than that 
provided by a single, pivoted magnet, should have provision for measuring various 
directions, should have some means of damping the oscillations of the directive element, 
should be approximately horizontal, and should have some means of neutralizing local 
magnetic influences. 

In a mariner’s compass, several magne‘s are mounted parallel to each other. To 
them is attached a compass card having a compass rose to indicate various directions 
(art. 624). Both magnets and compass card are enclosed in a bow] having a glass top 
through which the card can be seen. The bowi is weighted at the bottom and is sus- 
pended in gimbals in such manner that it remains nearly horizontal as the vessel rolls 
and pitches. In nearly all modern compasses the bowl is filled with a liquid that sup- 
plies a buoyant force elinest equal to the force of gravity acting upon the directive 
element and card. ‘This reduces the friction on the pivot (a metal point in a jeweled 
bearing), end provides a means of damping the oscillations of the compass card. The 
card is mounted in such manner as to remain in an essentially horizontal position. 
A mark called a lubber’s tine is placed on the inner surface of the bow], adjacent to 
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the compass card, to indicate the forward direction parallel to the keel when the bowl 
is correctly instelled. The gimbals used for mounting the compass bowl are attached 
to a stand called a binnacle, which in most installations is permanently and rigidly 
attached to the deck of the vessel, usually on its longitudinal center line. Most bin- 
nacles provide means for neutralization of local magnetic influences due to magnetism 
within the vessel. A cover or “hood” is provided to protect the compass from the 
elements, dust, etc. 

Directional information is of such importance that selection and installation of a 
suitable compass should be made sarefully, seeking such guidance as may be needed. 
In the U.S. Navy this is covered by systems command directives. For merchant vessels 
and yachts, one would do well to consult a dependable compass adjustor before se- 
lecting and installing a compass or making any alteration in the vicinity of the com- 
pass. Common errors are the use of a compass designed for a different type craft (as 
an aircraft compass in a boat), permitting chrome plating of a binnacle by someone 
who does not know how to do this without creating a magnetic field, authorizing elec- 
tric welding of steel near the compass, improper installation of magnetic equipment 
or electric appliances near the compass, allowing short circuits to occur in the vicinity 
of the compass, etc. 

After the compass has been selected and installed, proper adjustment and com- 
pensation (ch. VII) are important, and future care of the instrument should not be 
neglected. It should be checked and overhauled at regular intervals, and eny indica- 
tion of malfunctioning or deterioration, however slight, should not be overlooked. 
Discoloration of the liquid or the presence of a bubble, for instance, indicates a condition 
that should be investigated and corrected at once. If it becomes necessary to add 
liquid, one should be certain that he has the correct substance, and should attempt to 
determine the source of the leek. Except as a temporary expedient, this is best done 
by a professional. Some compasses should be prv.ected from prolonged exposure to 
sunlight, to prevent discoloration of the card and liquid. 

624. The compass card is composed of Jight, nonmagnetic materia}. In nearly 
all modern compasses the card is graduated in 360°, increasing clockwise from north 
through east, south, and west. An older system still used somewhat is to graduate 
the card through 90° in each quadrant, increasing from both north and south. Some 
compass cards are graduated in “‘points,’”’ usually in addition to the degree gradua- 
tions. ‘There are 32 points of the compass, 11° apart. The four cardinal points are noi th, 
east, south, and west. Midway between these are four intercardinal points at north- 
east, southeast, southwest, and northwest. These eight points are the only ones ap- 
pearing on the cards of compasses used by the U. S. Navy. The eight points between 
cardinal and intercardinal points are named for the two directions between which 
uiey lie, the cardinal name being given first, as north northeast, east northeast, east 
southeust. etc. The remaining 16 points are named for the nearest cardinal or inter- 
cardinal point “by” the next cardinal point in the direction of measurement, as north 
by east, northeast by north, etc. Smaller graduations are provided by dividing each 
point into four “quarter points,” thus producing 128 graduations altogether. There 
are several systems of naming the quarter points. That used in the U. S. Navy when 
quarter points were used is given in table. 2. 

The naming of the various graduations of the compass card in order is called 
_ boxing the compass, an important attainment by the student mariner of earlier gener- 
ations. The point system of indicating relative bearings (art. 1004) survived long 
after degrees became almost universally used for compass and true directions. Except 
for the cardinal and intercardinal points, and occasionally the two-point graduations, 
all of which are used to indicate directions generally (as “northwest winds,” meaning 
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winds from a general northwesterly direction), the point system has become largely 
historical. 

625. The U.S. Navy 7}4-inch compass has a liquid-filled bow] in which a 7}-inch | 
aluminum card is pivoted. There is provision for either one or two pairs of magnets, | 
symmetrically placed. The card and magnet assembly is provided with a central} 
float or air chamber to reduce the weight on the pivot to between 60 and 90 grains! 
(0.14 and 0.21 oz.) at 60°F when the correct compass fluid is used. Older compasses | 
use a fluid consisting of 45 percent ethyl alcohol and 55 percent distilled water. Newer : 
compasses use # highly refined petroleum distillate similar to varsol. Use of this oil : 
increases the stability and efficiency of the compass. A hollow cone extends into the: 
underside of the float. The bottom of this cone is open. The pointed top has a jewel : 
bearing of synthetic sapphire. The card-float-magnet assembly rests on an osmium-' 
iridium tipped pivot at the jewel center. This pivot extends upward from the bottom ;- 
of the bowl. This compass is illustrated in figure 625. 

The compass bowl is made of cast bronze, and has a tightly gasketed glass top 
cover to prevent leakage of the liquid. A bellows-type expansion chamber is pro- 
vided to allow for changes in volume of the liquid as the temperature changes. The 
top rim or bezel of the bowl is accurately machined so that an azimuth or beating | 
circle can be placed over it. The compass is equipped with a gimbal ring for keeping | 
the compass level when mounted in a binnacle. In addition to providing support for | 
the compass, the binnacle has provision for housing the correctors used to partially § 
neutralize local magnetic effects within the vessel. 

626. The U. S. Navy 5-inch compass is lighter in weight and requires less space | 
than the 7%-inch compass. This U. S. Navy No. 3 compass has a brass compass card 
with photo-etched perforations which permit underlighting with red light to meet 
darkness adaptation requirements. When such a card is used with both transmitted and 
reflected light in ell combinations, there is a “twilight zone” in which the intensity of the 
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Courtesy of John E Hand & Sons Company. 


Froure 626a.—Binnacle for U. S. Navy 5-inch magnetic compass. 


light transmitted through the perforations is equal to that of the reflected light fror the 
surrounding area. In the U.S. Navy No. 3 compass this problem is overcome vy the in- 
stallation’ a shaded lasup inside the binnacle hood. The light from this lamp is directed 
at the lubber’s line and adjacent compass card area. This light enables daylight viewing 
of the compass card. The red illumination is required only when pr’ tically complete 
darkness prevails. 

™n addition to providing support for the compass, the binnacle illustrated in 
figure 526a has provision for housing ti > correctors used to partially neutralize local 
magnetic effects within the vessel. The correctors consist of a tube assembly with 
heeling magne‘, quadrantat correctors, fixed fore-and-aft and athwartship permanent 
magnetic correctors, and permanent magnet correctors rotatable about fore-and-aft 
and athwareship axes. 

The fi.ed permanent magnets are in the form of wire rragnet bundles of up to 
seven magpets each an‘ are containea in three megnet tubes as shown in figure 626a. 
The athwuartship tube is fixed to the after sids uf the binnacle. One fore-and-aft tube 
is on the pore side of the binnacle; the other is on the starboard side. 

The fixed fore-and-aft and athwartship magnets are used to obtain a “coarse” 
correction; the rotatable corr-ctors are used to obtain a “fine” correction. Normally 
the coarse correction reduces the deviation from its original value to about 5°, the fine 
correction recuces the deviation to its residual value. 

Except “or the heeling magnet the various correctors are shown in schematic 
form in figv ce 626b. When the rotatable magnets on either avis lie in a plane parallel 
to the plane of the compass card, the associated magnetic field has no effect on the 
-ompass card magnets. This magnetic field is shown scl.ematically in figure 626c for 
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Figure 626b.—Correcting system of U. S. Navy 5-inch magnetic compass. 
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Fiaure 626c.—Coarse and fine adjustments of U. S. Navy 5-inch magnetic compass. 


the magnets rotatable about the athwartship axis. When the rotatable magnets are 
inclined to the plane of the compass card, the effect on the compass card magnets 
varies with the sine function of the angle of inclination, the maximum effect being 
when the plano of the rotatable magnets is inclined 90° to the plane of the compass 
card. 

Figure 626d illustrates the fine adjustment control used to rotate the magnets. 
The fine adjustment should be limited to approximately the last 5° of deviation cor- 
rection or to the range in which the sine function is more nearly linear. 

627. Other magnetic compasses.—The U.S. Navy No. 5 magnetic boat compass 

(fig. 6270) is a top reading, flat glass topped unit. Tho 3-inch compass card is made 
of sheet aluminum and incorporates an annular float to obtain a degree of buoyancy 
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Courtesy of John E. Hand & Sons Company. 


Fieure 626d.—Fine adjustment control. 


in the Vars 1 compass fluid. The card is supported on a jewel post without the use of 
gimbals. The compass bowl employs a bellows expansion chamber which permits 
volumetric changes of the compass fluid without bubble formation. 

The correctors consist of quadrantal correctors, fore-and-aft and athwartship 
permanent magnet correctors. 

A wide variety of magnetic compasses are used in merchant ships and yachts. 
The basic principles of operation of all magnetic compasses are the sume, the various 
types differing only in details of construction. A feature which is widely used in com- 
mercial compasses is a hemispherical top (fig. 627b) which provide:, magnification of 
the graduations. 

Reflection binnacles providing a periscopic readout in the wheelhouse enable 
mounting of the compass where it is usually less subject to the vessel’s magnetic field 
and the installed electrical and electronic equipment than a wheelhouse installation. 
Lov»ticn on the flying bridge also serves to facilitate compass adjustment and bearing 
observations. 

628. Magnetic compass lizuitations.—Because of its essential simplicity, a mag- 
netic compass does not easily become totally inoperative. Being independent of any 
power supply or other service, a magnetic compass may survive major damage to its 
ship without losing its utility. Small boat compasses often remain serviceable under 
the most rigorous conditions. 

Despite its great reliability, however, a magnetic compass is subject to some 
limitations. Since it responds to any magnetic field, it is affected by any change in 
the local magnetic situation. Hence, the undetected presence or change of position 
of magnetic material near the compass may introduce an unknown error. Thus, an 


* error might be introduced by a steel wrench or paint can left. near ihe compass, or by 


a change in position of a steel boom or gun in the vicinity of the compass. Even suck 
small amounts of magnetic material as might be included in a pocketknife or steel keys 
are sufficient to affect the compass if brought a3 close as they are when on the person 
of an individual standing by a compass. Nylon clothing may also introduce error in 
& magnetic compass. As distance from the compass increases, the strength of the mag- 
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Caurtesy of Danforth Divisicn of The Eastern Company, a Connecticut Corporation. 


Figure 627b.—A compass with a hemispherical top. 


netic field nveded to introduce an error increases. A cargo of large amounts of iron | 
or steel may be sufficient to affect the compass. The compass may a’s9 be affected by | 
changes of the magnetic characteristics of (he vessel itself. Such changes may occur ; 
during a protracted docking period, during a long sea vorage on substantially the | 
seme course, when repairs or changes of equipment are made, if the ship sustains heavy ! 
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shock as by gunfire or riding out a heavy sea, if the vessel is struck by lightning, or if 
a short circuit occurs near the compass. 

The directive force acting upon a magnetic compass is the horizontal component 
of the earth’s magnetic field. This component is strongest at or near the magnetic 
equator, decreasing to zero at the magnetic poles (ch. VII). Near the magnetic poles, 
therefore, the magnetic compass is useless (art. 2513), and in a wider area its indications 
are of questionable reliability. The magnetic field of the earth has a number of local 
anomalies due to the presence of magnetic material within the earth. During magnetic 
storms (art. 2526) it may be altered considerably. Changes in the magnetic field sur- 
rounding a vessel, due either to changes of the field itself or to change of position of 
the vessel within the field, affect the magnetism of the vessel and the correctors used 
to neutralize this effect, with a possible disturbance of the balance set up between them. 

For these and other reasons, frequent determination of compass error is necessary 
for safe navigation. Methods of determining and correcting compass error are discussed 
in chapter VII. 

629. Magnetic compass accessories.—Compass hesding is indicated by the 
lubber’s line. Compass bearings may be measured by sighting across the compass, 
bringing the object and the vertical axis of the compass in line. Accuracy in meking 
this alignment is increased by the use of a device to direct the Jine of sight across the 
center of the compass. Perhaps the simplest device of this kind is a bearing bar, con- 
sisting of two vertical sighting vanes mounted at opposite ends of a horizontal bar 
having a small pivot which fits into a hole drilled part way through the glass cover of 
the compass, at its center. The ‘near’ vane (nearer the eye of the observer) has a 
very thin, open, vertical slot through which the line of sight is directed; the ‘“far’’ 
vane has a thin, vertical wire or thread mounted on a suitable frame, The -ar is rotated 
until the object is in line with the two vanes. The bearing is the reading of the compass 
in line with the vanes, on the far side from the observer. If a reflecting surface is pivoted 
to the far vane to permit observation of the azimuth (art. 1428) of a celestial body, 
the device is called an azimuth instrument. Bearing bars and azimuth instruments 
are usually used only with smaller compasses, and never with an after-reading com- 
pass (art. 627). 

Larger compasses or repeaters (art. 643) are usually provided with a bearing circle 
or azimuth circle (fig. 629). These devices take a variety of forms, but consist essen- 
tially of two parts: (1) a pair of sighting vanes attached to a ring which fits snugly 
over the compass, and (2) a mirror to reflect the compars graduation into the line of 
sight. The use of these devices is similar to that o, the bearing bar and azimuth instru- 
ment. The azimuth circle has a piveted reflecting surface attached to the far vane, 


* to permit observation of celestial bodies. In most cases it also has a reflecting mirror 


“4 


and prism ~ unted on opposite sides of the ring, midway between the vanes. The 
prism is covered with opaque material except for a thin, vertical slot at its center. 
The surface of the mirror is curved so that refiection of sunlight falling upon it is in 
the form of a slender vertical line (at the distence of the prism) of about the same 
width as the slot. When the azimuth circle is adjusted so that this line of light falls 
upon the slot, a thin, bright line appears on the compass card graduations at the bearing 
of the sun. Most bearing and azimuth circles are provided with reverse compass rose 
graduations to permit reading of relative bearings or azimuths (by the vanes) at a 
mark on top of the compass bowl, in line with the lubber’s line; bubbles for indicating 
the level position during observation; means for adjusting the snugness of the fit over 
the compass bowl; and handles for turning the device. 

If a bearing or azimuth circle does net fit snugly over the compass bowl, an error 
might be introduced. Inaccuracy may elso result from tilting of the reflecting surface 
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Figure 629.—An azimuth circle. 


of an azimuth circle with respect to the vertical plane through the line of sight. This 
can be checked by comparing an azimuth of the sun observed by means of the prism 
with one observed with the sighting vanes (with suitable protection being provided for 
the eyes). If the prism attachment is not available, a check can be made by comparing 
observed (compass) azimuths at different altitudes with computed (true) values at the 
time of observation. If both observed and computed azimuths are correct, the difference 
between them will be constant (if the compass error remains constant throughout the 
observation) 

None of the bearing or azimuth instruments described above can be used with a 
compass not designed for it, as one having a hemispherical top, or an after-reading 
compass. 

Some modern magnetic compasses are provided with electrical pick-offs of sufficient 
sensitivity that the instrument can be used to control such devices as remote indicators, 
automatic steering equipment, course recorders, und dead reckoning equipment. without 
disturbing the reliability of the compass. Llowever, these devices are more commonly 
controlled by a gyrocompass and henee are consides] Jater in the chapter, after a 
discussion of this type compass. 

630. The gyroscope.—Leon Youcault, a French physicist, first demonstrated the 
rotation of the earth by means of a pendulum. However, the pendulum was not entirely 
acceptable as proof of rotation because it required the earth's gravity for operation. 
In 1852, he gave the name gyroscope to a toy top which had been known for a quarter of 
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a century as a “‘rotascope.’’ By means of the gyroscope, Foucault illustrated the earth’s 
rotation without the use of gravity. 

A conventional gyroscope consists of a comparatively massive, wheel-like rotor 
balanced in gimbals which permit rotation in any direction about three mutually 
perpendicular axes through the center of gravity. The three axes are called the spin 
axis, the horizontal axis, and the vertical axis, as shown in figure 630a. 

Since the rapidly spinning rotor is balanced at its center of gravity, it is in a state 
of neutral rotational equilibrium. If the gimbal bea”*ugs were completely frictionless, 
the spin axis would retain its direction in space despite any motion applied to the 

, system as a whole, as by the rotation of the earth. This p) sperty is called gyroscopic 
inertia. Thus, if the spin axis were directed toward a star, the axis would continue to 
point toward the star during its apparent motion across the sky. To an observer on 
the earth, the spin axis would appear to change direction as the earth rotated eastward. 
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Figure 639a.—Gyroscope. Ficure 630b.—Demonstration of 
gyroscopic inertia. 
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This phenomenon, also known as rigidity in space, can be demonstrated by slowly 
tilting the base of the gyroscope as shown in figure 630b. If the gyroscope rotor 
is stationary, bearing friction will cause the rotor to tilt as the base is tilted. If the rotor 
is spinning, the rotor maintains the originai plane of rotation as the gyroscope is tilted. 
It will continue to maintain the original plane of rotation no matter how much the 
gyroscope is tilted, as long as it continues to spin with sufficient velocity. Although 
bearing friction still affects the gyroscope, it affects it to a lesser degree than when the 
rotor was stauonary. 

Gyroscopic inertia depends upon angular velocity, mass, and the radius at which 
the mass is concentrated. For a given mass, maximum effect is obtained, therefore. 
from a mass rotating at high speed with the principal part of the mass concentrated 

a near the periphery of the wheel. 

Gyroscopic precession is thet property of a gyroscope exhibited when a force is 
applied which tends to change the direction in space of the spin axis. The motion re- 
sulting from such a force is not in line with the force, as might be expected, but per- 
pendicular to it. Precession can be demonstrated by applying a torque to the spinning 
gyroscope about its horizontal axis. This is done by applying a force at point A as il- 
lustrated in figure 630c. The gyroscope instead of turning about the horizontal axis as 
it would if it were not spinning, turns or precesses abovt its vertical axis. The direction ben 

it, os of precession is such that it appears as though a force applied to the rotor at A is, instead, 
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Fieure 630c.—Axe. of a gyroscope, and the 
direction of precession. 


applied at a point 90° away in the direction of spin from point A. Similarly, if a torque 
is applied about the vertical axis, the gyroscope will precess about its horizontal axis 
in a direction such that it appears as though the force is applied at a point 90° away in 
the direction of spin from the point where the foice is applied on the rotor. 

A torque is defined as that which effects or tends to effect rotation or torsion and 
which is measured by the product of the applied force and the perpendicular distance 
from the line of action of the force to the axis of rotation. It is obvious that a force 
acting through or parallel to an axis cannot produce any turning effect about that axis. 
In a gyroscope the three axes about which rotation is possible all in ‘ersect at the center 
of gravity of the entire system (excluding the supporting frame). A force, therefore, 
acting through the center of gravity acts through all the axes and cannot exert torque 
about any axis. But a force acting at any other point will produce a torque about one 
or more axes. 

Precession can be caused only by a force attempting to tilt or tum the spin axis 
about one of the other axes. So, a force through the center of gravity of a gyroscope 
(or force of translation) cannot cause the gyroscope to precess, but can only cause it 
to move as a whole in the direction of the force, with its axle always pointing in the 
same direction and the plane in which the rotor is spinning always parallel to its original 
plane of spin. 

A torque about the spin axis of a gyroscope does not attempt to change the plane 
in which the rotor is spinning, so it cannot cause precession. The only effect such a 
torque can have on the rotor is to increase or decrease its speed. 

Any torque about either the horizontal or vertical axis of a gyroscope will cause 
it to precess about an axis at right angles to that about which the torque acts. This 


precession will continue as long as the torque acts, but will cease when the torque is. 


remo sed. If the plane in which the torque is acting remains unchanged, the gyroscope 
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will precess until the plane of the spin of the rotor is in the plane of the torque. When 
this position is reached, the torque will be about the spin axis and can cause no further 
precession. If. however, the plane in which the torque acts moves at the same rate and 
in the same direction as the precession it causes, the precession will be continuous. 

The rotor of the conventional gyroscope previously described has three degrees of 
freedom: (1) freedom to spin on its axie, (2) freedom to tilt about its horizontal axis, 
and (8) freedom to turn about its vertical axis. These three degrees of freedom permit 
the rotor to assume any position with respect to the supporting frame. This gyroscope 
is called a free gyrescope. 

The term degree-of-freedom refers to the number of orthogonal axes about which 
the spin axis is free to rotate, the spin axis not being counted in one convention. 

The reason for gyroscopic precession may be explained simply by considering 
what happens to a single particle on the rim of the gyroscope wheel as shown in figure 
630d. Assume that the wheel is spinning in the direction of arrow F?. Also assume that a 
force F is applied against the wheel at point B on the particular particle P, which 
happens to be at the position shown at any particular instant. 

Force F exerts a force upon this small particle along the vector BL and therefore 
accelerates it in that direction. During a short interval of time, the acceleration will 
give the particle a component of velocity BL. This velccity vector and the velocity of 
the particle along the vector BJ, due to rotation of the wheel, have as a resultant the 
vector BK, different in direction from BJ. This is equivalent to a rotation about axis, 
YY. Therefore, the effect of a torque acting about the XX axis is to cause a rotation 
of the gyroscope wheel about the YY axis. This rotation about the YY axis is gyro- 
scopic precession. 

If the gyroscope, or gyro as it is commonly called, is mounted at the equator with 
its spin axis pointing east and west, figure 630e illustrates how it would appear from a 
point in space beyond the South Pole. From the observation point in space, the earth is 
seen turning from west to east at a rate of 15° per hour carrying the gyro with it. How- 
ever, the spin axis of the gyro, because of gyroscopic inertia, remains in rigid space just 
as it did when the base was tilted in figure 630b. To an observer on earth the same gyro 
appears to rotate about its horizontal axis with an angular velocity equal but opposite 
in direction to the rate of rotation of the earth. This effect, commonly referred to as 
horizontal earth rate, is equal to the rate of rotation of the earth (earth rate) times the 
cosine function of the latitude. It is therefore zero at the poles and increases to earth rate 
at the equator. 

Similarly, if the gyro is mounted at the North or South Pole with its spin axis 
horizontal, as shown in figure 630f, the gyro wi!l appear to rotate about its vertical axis. 
This effect is commonly referred to as vertical earth rate. At points between the poles 
and the equator, the gyro appears to turn partly about the horizontal axis and partly 
about the vertical axis as shown in figure 630g, because it is affected by both horizontal 
and vertical earth rates. 

In general, horizontol earth rate causes the spin axis of the gyro to appear to tilt 
about its horizontal axis; vertical earth rate causes the gyro to appear to rotate about 
its vertical axis. The apparent motion of stars (art. 1416) can be used as a convenient 
remiuder of the effect of the earth’s rotation on a free gyro. Being rigid in space, the 

hus, the enin 


hus, the epir 
axis describes a circle about Polaris in a counterclockwise direction as the earth rotates. 

With reference to space the direction of the spin axis of the free gyro remains the 
same as the earth rotates. With respect to the earth, however, the spin axis rotaves as 
just described. it is this rotation with respect to the earth which makes it possible to 
apply the force of gravity so as to convert the free gyro into a north-seeking gyracompass. 
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¥ 
Freure 630d.—Forces causing precession of Fieure 630e.— Demonstration of herizontal 
gyroscope rotor. earth rate of gyro. 
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Fieure 630f.—Demonstration of vertical earth Ficure 630g.—Combined effects of horizontal 
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631. The gyrocompass depends upon four natural phenomena for its operation. 
It is only the methods whereby these phenomena are utilized that distinguish one type 
of gyrocompass from another. Of the four natural phenomena, two are inherent proper- 
ties of the gyroscope, namely gyroscopic inertia and gyroscopic precession; the other 
two are the earth’s rotation and gravity. 

Before a free gyro can be converted into a gyrocompass, the mounting structure 
must be changed slightly. As shown in figure 631a, the rotor is mounted in a sphere 
(gyrosphere) and the sphere is supported in what is ce!led the vertical ring. The sphere 
and vertical ring are, in turn, mounted in a base called the phantom. Means are pro- 
vided for the vertical ring and phantom to follow the gyro as it turns about its vertical 
axis. 

With no further additions, the gyro shown in figure 631a will, neglecting friction, 
maintain its direction in space so long as no outside forces are exerted on it. To make 
the gyro into a gyrocompass, the gyro has to be made to seek and maintain true “orth. 
Since north is the direction represented by a horizontal line in the plane of the meridian, 
some means have to be provided tc: (1) make the gyro spin axis seek the meridian plane, 
(2) make the spin axis horizontal, and (3) make it maintain its position once reached. 

The first step in making a gyro a gyrocompassis to make the gyro s.ck the meridian. 
To do this, a weight IW is added to the bottom of the vertical ring, as shown in figure 
631b. This causes the vertical ring to be pendulous about the horizontal axis. 


VERTICAL VERTICAL 
RING 


Figure 631a.— Modified mode! gyroscope. Fiegurr 631b.—Making the free gyro seek 
north oy the addition of a weight to the 
verticai ring. 


If as at A of figure 631c the gyre is at the equator. the spin uxis is horizontal 
pointing east-west, and the rotor is sp.aning clockwise as viewed from the west, the 
rotor and vertical ring are vertical and no torque is created by the added weight. +.t 
this point both properties of the gyroscope, gyroscopic inertia and precession, are 
brought into play. As the earth rotates, the spin axis and, therefore, the vertical ring 
become inclined to the horizontal as shown at B. The weight TW is raised against the 
pull of gravity and consequently causes a torque about the horizontal axis of the gyro. 
This torque causes precession about the vertical axis in the direction indicated at C. The 
spin axis then has moved out of its original east-west direction. 

As the end of the spin axis which was first pointing east (which will now be referred 
to as the north end) continues to rise, the torque on the gyro caused by the weight 
becemes greater since the moment arm through which the weight acts gets longer due 
to the greater tilt. Since the speed of precession is closely proportional to the tilt, the 
gyro turns about its vertical axis as shown at D at an increasing speed until the axis is 
on the meridian. 
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Ficurr 631c —Effect of pendulous weight and earth’s rotation on gyro. 


At the meridian, the tilt, the torque caused by the weight, and speed of precession 
are all at a maximum. It should be noted here that it is the righting couple applied to 
the tilted axis by the pendulous weight which causes the compass te precess past the 
meridian, the kinctic energy of precessicn having negligible effect. After the north end 
of the spin axis crosses the meridian the higher (north) end of the tilted axle is to the 
west. of the meridian. As a resuii. referring back to figure 630e, the earth’s rotation re- 
duces the tilt. As the tilt becomes less, the speed of precession in azimuth decreases. 
Finally the spin axis becomes horizontal and precession to the west. stops; the weight 
on the vertical ring causes no torque about the horizontal axis since its force acts in 
the same plane as the gyro rotor and vertical ring. At this point, the axle has precessed 
as far west of the meridian as it was to the east originally, 

As the earth continues to rotate, the north end of the spin axis starts to dip. The 
weight IW is raised on the opposite side of the horizontal axis in the opposite direction 
« trying the spin axis back across the meridian to its original position. At this point, 
the cycle is repeated and will go on indefinitely. The oscillation about the meridian 
may be clearly understood by referring to F in figure 631¢ which shows the movement 
of the end of the spin axis projected on a vertical plane. The ellipse is the result of a 
displacement. of the spin axis only a few degrees from the meridian. If the spin axis were 
pointing east-west at the beginning of the cycle as shown at Ain figure 631c, precession 
would take place through 180 degrees in each direction, and at one extreme the axle 
would point east, at the other, west, In any case, the gyro never comes to rest since 

there is no force tending to restore the spin axis to the horizontal position until it has 


passed the meridian. 
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The ratio of the movement about the horizontal axis (caused by apparent rotation) 
to the precessional movement about the vertical axis caused by the swing of the weight 
determines the shape of the ellipse. If the weight is increased, the speed of precession will 
increase and the ellipse will be flatter. If the weight is decreased, the speed of precession 
will decrease and the ellipse would, theoretically, be almost circular. The time, in 
minutes, required for one complete oscillation, is called the period of oscillation. For 
any given wheel and speed at a certain point on the earth, the period will be nearly the 
same regardless of the angle through which the wheel oscillates. The period can be 
changed by changing the amount of weight on the bottom of the vertical ring. 

With such a gyroscope modified by hanging a weight on the vertical ring, the first 
requirement to make gyroscope into a gyrocompass, that of making the spin axis 
seek the meridian, has been fulfilled. However, some means must be provided for damp- 
ing these oscillations so the gyro wheel will quick!:- come to rest with its spin axis level 
in the north-south position. 

To damp the osciliations of the spin axis about the meridian a small weight W, 
is added to the sphere in which the rotor is housed. ‘This weight is placed on the east side 
of the sphere in a position shown in figure 631d. With the spin exis level, the torque 
produced by gravity acting upor the weight 1, is restrained by the vertical axis bearings. 
When the spin axis tilts due to earth rate, the vertical xis is no longer vertical; the 
force of gravity, however, still pulls straight down on the weight. This allows tho torque 
to act about the vertical axis. 


VERTICAL 
RING GYRO 






WEIGHT w, 


SPHERE 


PHANTOM 
WEIGHT 
w 


Figure 631d.— Modified model gyroscope with 
weights on the vertical ring and sphere. 


Now, with both weights, the spin axis will begin to tilt due to earth rate and as soon 
as it tilts, the spin axis precesses toward the meridian and downward toward the level 
position. As a result of the leveling action of weight 1, the spin axis is not tilted up as 
much when it resshes the meridian as it was with only weight W. Since the spin axis 
is not. tilted as much, the torque produced by weight W is not as great. Therefore, the 
spin axis will not precess as far to the west of the meridian es it was east of the meridian 
when it was started. 

After reaching a point where the spin axis is level and as far west of the meridian 
as it is going due to the action of weight 1’, earth rate is still causing the spin axis to 
tilt downward. As a result, the forces due to the weights are reversed and tozques are 
created which precess the gyro to the east and up. The same action takes place in the 
reverse direction. The gyro is not precessed as far to the east as it was to the west. 
Thus, the added weigut +¥, causes the ellipse to be reduced each successive oscillation; 
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the north end of the gyro axle will follow a spiral path as shown in Sgure 631e instead 
of an elliptical path as previously. 
A careful consideration of the action of the two weights will make it apparent that 


2 Leamay enna iy Me dmammaepeemegmany Se 


the only position of rest that the gyro can find will be with the spin axis horizontal and 


on the meridian. The period of the compass can be changed by varying the weight W. 
With a given period the speed with which it settles to a level position can be changed 
by varying the weight W,. 

With the second modification to the model gyroscope (adding a weight to the 
sphere in which the gvro is housed), the second requiiement to make a gyroscope into 
a gyrocompass, that of making the spin axis horizontal, has been fulfilled. However, 
when this modified gyroscope is moved, accelerations on the weights, because they are 
pendulous, will cause torques on the gyroscope. Al: » any change in latitude from the 
equator will result in false indications: The model gyroscope, as so far modified, does 
not fulfill the third requirement, that of maintaining the level position in the plane of 
the meridian once reached. Therefore, some means must be provided to eliminate the 
effect of unbalanced weights hanging on the modified gyroscope; means must be prv- 
vided to compensate for false indications resulting from change in latitude from the 
equator. 

Practical gyroco.npasses employ beth pendulous and nonpendulous gyrescopes. 
In addition these compasses have means of compensating for influences that might 
introduce errors into their indications. 

One method of utilizing precession to cause the gyroscope of a practical gyro- 
compass to seek north is illustrated in figure 631f. Two reservoirs connected by a tube 
are attached to the bottom of the case enclosing the gryo rotor, with one reservoir north 
of the rotor and the other south of it. The reservoirs are filled with mercury to such a 
level that the weight below the spin axis is equal to the weight above it, so that the 
gyroscope is nonpenduious. The system cf reservoirs and connecting tubes is called a 
mercury ballistic. In practice, there are usually fovr symmetrically placed reservoirs. 





Figuze 63le.—Settling on the meridian. 


Suppose that the spin axis is horizontal but is directed to the eastward of north. 
As the earth rotates eastward on its axis, the spin axis tends to maintain its direction in 
space; that is, it appears to follow a point, such as a ster rising in the northeastern sky. 
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With respect to the earth, the north reservoir rises and some of the mercury flows under 
the force of gravity into the south reservoir. The south side becomes heavier than the 
north side, and a force is applied to the bottom of the rotor case at point A. If the gyro 
rotor is spinning in the direction shown, the north end of the spin axis precesses slowly 
to the westward, following an elliptical path. When it reaches the meridian, upward 
tilt reaches 8 maximum. Precession cc~tinues, so that the axis is carried past the 
meridian and commences to sink as the varth continues to rotate. When the sinking 
has continued to the point where the axis is horizontal again, the excess mercury has 
returned to the north reservoir and precession stops. As sinking continues, due to 
continued rotation of the earth, an excess of mercury accumulates in the north reservoir, 
thus reversing the direction of precession and causing the spin axis to return slowly to 
its original position with respect to the earth, following the path shown at the right of 
figure 631f. One circuit of the ellipse requires about 84 minutes. 


‘SOUTH 
RESERVOIR 


- NORTH 
RESERVOIR 


‘= ) 


Fiaure 631f.—The mercury ballistic (left) aud the elliptical path (right) of the axis of spin without 
amping. 


Figure 631g.—Spiral path of the axis of spin with damping. 
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The elliptical path is symmetrical with respect to the meridian, and, neglecting fric- 
tion, would be retraced indefinitely, unless some method of damping the oscillation were 
found. One msthod is by offsetting the point of application ef the force from the mercury 
ballistic. Thus, if the force is applied not in the vertical plane, but at 2 point to the east- 
ward of it, as at B in figure 631f, the resulting precession causes the spin axis to trace a 
spiral path as shown in figure 631g, and eventually to settle near the meridian. The gyro- 
scope is now north-seeking. The gyrocompass shown in figure 631h uses this method to 
seek north. 

Another method of damping the oscillations caused by the rotation of the earth is 
to reduce the precessing force of a pendulous gyro as the spin axis approaches tke 
meridian. One way of . complishing this is to cause oil to flow from one damping tank 
to another in such a manner as to counteract some of the tendency of an offset pendulous 
weight to cause precession. Oscillations are completely damped out in approximately 
one and one-half swings. 

632. Gyrocompass errors.—Gyrocompasses are subject to several systematic 
errors (art. 303, vol. II). Some of these can be eliminated or offset in the design of the 
compass, while others require manual adjustment for their correction. 

The total combined error (the resultant error) at any time is called gyro error (GE), 
which is expressed in degrees east or west to indicate the direction in which the axis 
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Figure 631h—The Mark 14 Mod ? Gyrocompass. 
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of the compass is offset from true north. If the gyro error is east, the readings are too 
low; and if it is west, they are too high. Thus, if GE is 1° W, 1° is subtracted from all 
xeadings of the compass, either headings or bearings, to determine the equivalent true 
directions. One degree is added to all true directions to determine the equivalent gyro 

’ directions. The gyro error of modern compasses is generally small. However, significant 
errors can be introduced in several ways, and it is good practice to compare tho gyro 
heading with the magnetic heading at frequent intervals (as evory half hour and after 

_ each change of course) and to check the accuracy of the gyrocompass by celestial 
observation or landmarks from time to time (as every 1acrning and efternoon when 
means are available). 

The errors generally associated with the gyrocormpass are speed error, tangent 
latitude error, ballistic deflection error, ballistic damping error, quadrantal error, and 
gimballing orror. In addition, gyrocompasses are subject to the errors common to direc- 
tional instruments, such as those introduced by inaccurate graduation of the compass 
rose of incorrectly located lubber’s line. Error may also be introduced, of course, by 
malfunctioning of the compass. 

633. Speed error.—The north-seeking tendency of a gyrocompass depends upon 
the fact that north is at right angles to the west-to-east direction in which the earth’s 
rotation carries the compass. If the gyrocompass is carried over the earth in some 
direction other than west to east, it will seek a settling position at right angles to that 
direction, whatever it may be. 

A gyrocompass on the earth’s surface is carried from west to east only when it 
is stationary with respect to the earth’s surface, or when it is moving east or west. 

’ If the vessel in which the compass is installed is moving in other than an cast or west 

_ direction the compass is, in effect, being carried in a direction which is a little to the 
north or south of exactly east. It will then seek a settling position which is at right 
angles to this direction, and will settle on o line at a small angle off true north. 

This error, known as speed error and sometimes called speed-course-Jatitude 
error, is westerly if any component of the vessel’s course is north, and easterly if south. 
Its magnitude depends upon the speed, course, and latitude of the vessel. Refer to 
figure 633a. If a vessel is at anchor at any point A, it is being carried eastward by 
rotation of the earth at the rate of 902.46 minutes of longitude per hour (with respect 
to the stars). In terms of knots, this is equal to 902.46 times the cosine of the latitude, 
approximately. Because of the ellipticity of the earth, the actual value is a little more 
than this in low latitudes, and a little Jess in high latitudes. The actual value at any 
latitude can be found by multiplying the length of a degree of longitude at that latitude 


(from table 6) by aso 15.081. 


This eastward motion due to rotation of the earth is shown in figure 633a by the 
vector AB. The north-south axis of the gyrocompass settles in a direction 90° from 
the direction of motion. Therefore, if the vessel is stationary with respect to the earth, 
0° on the compass card coincides with a true meridian, and no error is introduced. This 
is also true if the vessel is moving due east or due west. In this case the speed of the ship 
over the surface of the earth is added to or subtracted from the motion due to rotation of 
the earth, but the direction of motion is unchanged (unless the speed of the vessel is 
greater than the rotational speed of the earth, and in the opposite direction). The 
only effect, therefore, is to strengthen or weaken the directive force, usually by a small 
amount. 

If the vessel is on course north or south, as shown by the vector AC in figure 6338, 
the motion in space is tilted toward the north or south of due east. In this case, it is the 









































| 
| 





avr oma alah sad aR dg yd a at pa ta 


nme L1 ae weal wea 


wm gt ul et 


wh nat 


ie i Pa 


bailando ORs Ta i ea 


ach hcg duu Aye mrt at 



















































































i 








RECKONING 


dl 
g 
5 


MEME 


ea 





it anit POTTY mT 
LEAT DP EF GOED 
damon me cura re ae aoitanenninenin ume’ pa amemmnatne smgtrinennvmreeter | d 


ied 


Rein 






N-S COMPONENT 


é-W COMPONENT 





FicureE 633b.—Components 
of vessel’s motion. 
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Figure oeed error. 


vector sum (art. 118, .v.. 11) of the motion due to rotation of the earth and the velocity 
of the vessel over the surface of the earth, or AD in figure 633a. Since AD is not due j~ 
east, the perpendicular to it does not lie in the true meridian, but at some angle 6 to 
it, along AM,. Since the axis of the gyro lies along AM,, the “virtual meridian,” the 
angle is the error introduced by the motion of the vessel along its track. Since AD is [ 
perpendicular ‘ AM,, and AB is perpendicular to AC, angle BAD is equal to angle 6. 
Therefore, the angle 6 can be found by the formula | 


AC [ 
‘an 4B 





a Since AC is the speed of the vessel and AB is 902.46 cos L, approximately, the formula ' 
can be written | 


S 
tan 6905-46 cos L 


; where S is the speed and L the latitude of the vessel. 3 
eee: & If the course of the vessel is not a cardinal direction, the resultant is still the 
vector sum of two speed vectors, and can be found graphically or by computation. 
’ One method is to resolve the vessel’s speed vector into two components, as shown in — 
’ figure 633b, obtaining the N-S component along the true meridian, and the E-W 
LS. component in the direction of rotation of the earth. The N-S component is equal to | ~ 
, S cos C, and the E~W component to S sin C, where C is the true course angle. The i 
total N-S motion is then S cos C. The total easterly motion is that due to rotation 
of the earth plus or minus the E-W component of the ship’s speed across the surface 
rms of the earth, or 902.46 cos L+S sin C, approximately. The term S sin C is positive 
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(+) for easterly courses and negative (—) for westerly courses. The formula for finding 
6 now becomes 
S cos C 


902.46 cos LES in 0 *PProximately). 


tan 6= 

At ship speeds in latitudes less then 70°, the term S sin C is much smaller than 

902.46 cos L and has so little effect upon the answer that it can be ignored. The 

angle 6 is small enough that its tangent can be considered the angle itself (expressed 

in radians). Tat is, a tangent to a circle can be considered of:the same length as an 

arc of the circle over a short distance from the point of tangency. Therefore, the 
formula for 5 can be written 


__57.3 S cos C 
~~ 962.46 cos L 


6=0.0635 S cos C sec L. 


6 


As shown in this formula, the speed error 6 is affected by the three variables, 
speed, course, and latitude. If the course has a northerly component, the error is 
westerly; and if it has a southerly component, the error is easterly. 

Ezample.—A ship at latitude 36°N is steaming on true course 045°, at a speed 
of 20 knots. 

Required.—Speed error. 

Solution. — 

log 8.80277 
log 1.30103 
Leos 9.84949 
lsec 10. 06247 


log 10. 01576 
Answer.—é 1°04W. 


In some gyrocompasses this error is corrected mechanically. Speed and latitude 
are set in by hand, and the cosine of the course is introduced automatically by means 
of a “cosine cam” running in un eccentric groove on the underside of the azimuth gear. 
In some compasses these corrections combine to offset the lubber’s line by the correct 
amount. Small changes in speed or latitude have relatively little effect upon the result. 
Therefore, in normal operations, infrequent changes are sufficient for satisfactory 
results. If no provision is made for mechanically applying this correction, a table or 
curves can be used to indicate the correction to be apptied mathematically to readings 
of the compass. These are made up from the formula given above, and are entered 
wit the speed, course, and latitude (art. 639). 

634. Tangent latitude error applies only to those gyrocompasses in which damping 
is accomplished by offsetting the point of application of the forco from a mercury 
ballistic (art. 31). It can be found from the equation 


e=r tan L 


in which a is the damping error, r is the angle between the vertical through the spin 
axis of the gyro rotor and a line through this axis and the point of application of the 
force from the mercury ballistic (.°7 for Sperry compasses), and L is the latitude. 
The errox is easterly in north latitude and westerly in south latitude. 
Ezample—A gyrocompass having a valuc of r of 1°7 is at latitude 50°N. 
Required.—The tangent latitude error. 
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Solution. — 


a=r tan L 
=1°97X1.1918 
=2°03E 

Answer.—a=2°03E. 


As in the case of speed error, provision is made in most compasses (to which it |! 
applies) for correcting this error. An auxiliary latitude-correction scale is provided ~ 
for this purpose. In some compasses this offsets the lubber’s line. In others, it alters : 
the position of a small‘weight attached to the casing near one end of the axle. The - 
first method is preferable because it is unaffected by changes of gyro speed of rotation. 

If this error is not corrected mechanically, it can be combined algebraically with 


speed error and «single set of tables or graphs made up. This is a method sometimes 


used in polar regions, beyond the scale of the latitude corrections (arts. 639, 2514). 

635. Ballistic deflect.on error—When the north-south component of the speed — 
changes, an accelerating force acts upon the compass, causing a surge of mercury from 
one part of the system to another, or a deflection (along the meridian) of the mass 
of a pendulous compass. In either case, this is called ballistic deflection. It results in 
8 precessing force which introduces a temporary ballistic deflection error in the readings 
of the compass unless it is correcied. 

A change of course or speed also results in 8 change in the speed error, and unless 
the correcting mechanism responds promptly to this change, a temporary error from 
this source is also introduced. The sign of this error is opposite that of the ballistic 
deflection, and so the two tend to cancel each other. If they are of equal magnitude 
and equal duration, the cancellation is complete and the compass responds immediately 


and automatically to changes of speed error. This can be accomplished by designing 
the compass so that 


B 
yn 0.0211 sec L. 
in which B is the pendulous moment of a pendulous compass and the couple per unit 


angle applied by a mercury ballistic, H is the angular momentum of the gyro rotor, 
and L is the latitude. 


Gyrocompasses using the fluid ballistic are often designed so that the ratio 3 ig 


correct for some particular latitude (as 41° or 45°) and accept the smal: residual error 
that is temporarily present at other latitudes. This is satisfactory for vessels which 
remain within relatively narrow limits of latitude, or which are seldom subjected to 
large accelerating forces. However, where these conditions are not met, provision is 
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made for varying the ratio with latitude. In a compass having a mercury ballistic, | _- - 


this is customarily accemplished by moving the mercury reservoirs radially toward 
or away from the center of the compass, thus altering the value of B. In a pendulous 
gyro, ths value of H is changed by altering the rotational speed of the gyro. 


When the ratie 2 is es given in the equation above, the period of oscillation about 


the vertical axis is given by the equation 
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in which T is the period in minutes, R is the radius of the earth in feet (approximately 
_ 20,900,000) and g is the acceleration due to gravity (approximately 32.2 fect per second). 


_ Substituting in the formule, 
T=0.1047 4) 20:200,000 


=84 minutes (approximately). 


This is sometimes stated as the period of a pendulum having a radius equal to 
the radius of the earth, since the eauation for a short pendulum is the same as that 
given above with J Qength) being substituted for R. More accurately, it is the period 
of 2 pendulum of infinite length with its bottom at the surface of the earth, or the 
largest period that a simple pendulum can have when acting under the gravitational 
force of the earth. When a device is adjusted so as to have this period it is said to be 
“Schuler tuned,’ after Max Schuler, a German scientist who discovered the relation- 
ship. It is because of this tuning of the gyrocompass that one oscillation occurs in 
about 84 minutes, and that the maximum effect of certain disturbing forces occurs 
about 21 minutes (cne-fourth cycle) after application of the force. 

636. Ballistic dampirg error is a temporary oscillatory error of a gyrocompass 
introduced during changes of course or speed as a result of the means used to damp the 
oscillations of the spin axis. 

During a change of course or speed the fluid in the ballistic of the nonpendulous 
compass or in the damping tanks of the pendulous compass (art. 631) is accelerated. 
As shown in figure 636, during the turn from the westerly to the northerly direction 
the centrifugal force acting on the mercury causes an excess of mercury to accumulate 
in the south tanks of the ballistic at A. Because of the offset connection of the mercury 
ballistic, the excess mercury in the south tanks exerts a torque about the vertical axis 
in addition to the one being exerted about the horizontal axis during the turn. This 
torque about the vertical axis produces a downward tilt of the north end of the gyro 
axle at B as a result of precession. This tilt of the gyro axle causes an oscillation of the 

spin axis to start as the centrifugal force diminishes to zero at C. This oscillation on a 
compass with a damped period of about 84 minutes becomes a maximum at D, 21 
minutes after the change of course is completed, and ends in about 2 hours. 

The liquid in the damping tanks of the pendulous compass is subjected to the same 
centrifugal force on change of course. An excess of liquid collects in one tank. This action 
causes a torque and consequent movement of the spin axis from the meridian. ; 

The ballistic damping error is eliminated in ihe nonpendulous compass by automat- 
ically moving the point of application of the mercury ballistic from the offset position 
to the true vertical axis of the gyro whenever rates of change of course or speed exceed 
certain limits. Moving the point of application of the mercury ballistic to the true verti- 
cal axis eliminates the torque about this axis caused by the centrifugal force and pre- 
vents the compass from going through a damped oscillation. 

In the pendulous gyrocompass, the ballistic damping error is eliminated by auto- 
matically closing a valve in the pipe line between the damping tanks whenever rates of 
change of course or speed exceed certain limits. 

637. Quadrantal error.—If a body mounted in gimbals is not suitably balanced, a 
disturbing force causes it to swing from side to side. A swinging body tends to rotate 
so that its long axis of weight is in the plane of the swing. The rolling of a vessel intro- 
duces the force needed to start a gyrocompass swinging. The effect reaches a maximum 
on intercardinal headings, midway between the two horizontal axes of tho compass, 
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Yicure 636.—Ballistic damping error. 


and changes direction of error in consecutive quadrants. This is called quadrantal 
error, or sometimes intercardinal rolling error. It is corrected by the addition of weights 
to balance the compass so that the weight is the same in all directions from the center. 
Without a long axis of weight, there is no tendency to rotate during a swing. 

A second cause of quadrantal error is more difficult to eliminate. As a vessel rolls, 
the apparent vertical is displaced first to one side and then to the other, due to the 
accelerations involved. The vertical axis of the zyrocompass tends to align itself with 
the apparent. vertical. If the vessel is on a northerly or southerly course, the pivot of 
the compass is displaced from the vertical, resulting in 8 precession first to one side, 
then to the other. The effect is negligible and would be exactly balanced if successive 
rolls on opposite sides were equal. On £2 easterly or westerly heading, the pivot re- 
mains under the gyro axle, but the dynamic effect of the roll, acting upon the damping 
mechanism, introduces a precessing force which causes an error. However, the period 
is short and the error is in opposite directions on opposite rolls, so the effect is negligible. 
On noncardinal headings, both effects are present, and the relationship is such that the 
error is in the same direction regardless of the direction of roll. Thus, a persistent 
error is introduced, which changes direction in successive quadrants. This error is 
generally eliminated by the use of a second gyroscope. In some compasses, this is in 
the form of a small gyroscope called a floating ballistic which stabilizes the point of 
application of the mercury ballistic with respect to the true vertical as the vessel rolls. 
In others, two gyroscopes are used for the directive element and these are so installed 
that they tend to precess in opposite directions. Thus, they neutralize each other. 
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Another way of eliminating this error is to design the mercury ballistic system so that 
the surge of liquid due to north-south component of the roll is diminished in amount 
and delayed so that it ‘s about a quarter of a cycle out of phase with the roli. 

638. Gimballing error is that due to tilt of the compass rose. Directions are meas- 
ured in the horizontal plane. If the compass card is tilted, the projection of its outer 
rim into the horizontal is an ellipse, and the graduations are not equally spaced with 
respect to a circle. This error, which applies to all instruments making use of a compass 
rose that can be tilted, is discussed in article (art. 303, vol. II). For normal angles of 
tilt, this error is small and can be neglected. Fer accurate results, readings should be 
made when the card is horizontal. This error applies to the reading of the compass or its 
repeaters (art. 643) rather than to the compass itself. If the compass and its repeaters 
are installed so that the cuter gimbals are in the longitudinal axis of the vessel, this 
error is minimized. 

639. Use of the gyrocompass in polar regions is discussed in article 2514. If means 
are not available for determining an equivalent setting or correction, a correction graph 
can be construcied. Ballistic deflection error, quadrantal error, and gimballing error are 
temporary or corrected in the design of the compass, and so can be ignored. Speed error 
and tangent latitude error (if it applies to the particular compass involved) cun be com- 
bined into a single table or curve of corrections, using the formulas of articles 633 and 
634. In high latitudes the east-west component of the vessel’s speed is significant, and 
the error may be too large to consider its tangent equal to the angle itself expressed in 
radians. Therefore, the applicable formulas are: 


= S cos C 
tan 5599-46 cos LS sin © (1) 
a=r tan L. (2) 


The only approximation remaining is the use of 902.46, which varies slightly with lati- 
tude. The error thus introduced is not significant. The U. S. Navy gyrocompass error 
curves for latitude 80° are shown in figure 639. From the intersection of the appropriate 
speed curve and the radial line representing the true course (interpolating if necessary) 
a horizontal line is drawn to the vertical line through the origin, where the correction is 
indicated. To construct the curve for speed 35 knots, proceed as follows: 

1. Compute the speed error, 5, for true courses at intervals of perhaps 30°. As an 
example, the error for course 210° (C S30°W) is: 


35X 0.86603 
902.46 0.17363—35 X 0.50060 


tan 6= 
=0.21773. 
5=12°3E. 
The error is easterly because the course has a southerly component (art. 633). 


2. Compute the tangent latitude error. The curves of figure 639 are for a value 
of r of 1°7: 


a=1°7X5.6713=9°6E. 


In northern latitudes tangent latitude error is easterly. 
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3. Combine 6 and a algebraically to obtain gyro error (GE): 


Y : ¢ 
000 12.6W 9.6E 3.0W 
030 9.9W 9.6E 0.3W 
060 5.3W 9.6E 4.3E 
090 0.0 9.6E 9.6E 
120 5.3E 9.65 14.9% 
156 9.95 9.6E 19.5E 
180 12.6E 9.6E 22.2E 
210 12.3E 9.6E 21.9E 
240 7.9E 9.6E 17.5E 
270 0.0 9.6E 9.6E 
300 7.9W 9.6E L.7E 
330 12.3W 9.65 2.7W 


4. To draw the curve, select a convenient origin and label this with the value of 
a. Draw a vertical line through the origin and mark off a convenient scale such that 
all values of & can be shown both above and below the origin. The zero on this scale 
is at point a units above the origin (below in the Southern Hemisphere). Label the 
scale according to GE. Through the origin draw various radial lines at any convenient 
interval to represent true courses. For each computed course draw a horizontal con- 
struction line from the GE on the central scale to the appropriate radial line. The 
intersection of each pair of lines is one point on the curve. Connect all such points 
with a smooth curve, and erase the construction lines. If a straightedge or graph paper 
is used, the construction lines need not be drawn. 

It is good practice ‘ w the curve for the highest speed first, to be sure that 
succeeding curves will fi. - paper. From such curves the gyro courses correspond- 
ing to various true courses ‘an be determined and the radial lines iabeled with these 
values for converting gyro directions to true directions, 

The curves described in this article are for use when all correctors are set on zero, or 
if no provision is made for mechanically correcting for speed and damping errors. If 
the compass does not have a mercury ballistic, the tangent latitude error is omitted 
from the calculations and curves. 

640. Desirable characteristics of the gyrocompass.—Since a gyrocompass is not 
affected by a magnetic field, it is not subject to magnetic compass errors (ch. VID, 
nor is it useless near the earth’s magnetic poles. If an error is present, it is the same on 
all headings, and no tabie of corrections is needed. The directive force is sufficiently 
strong to permit directional pick-off for use in remote-indicating repeaters, automatic 
steering, dead reckoning and fire-contro! equipment, course recorders, etc. 

641. Undesirable characteristics of the gyrocompass.—A gvrocompass is dependent 
upon a source of suitable electric power. 

If operation of the compass is interrupted long enough to permit uncertainty 
in its indications, a considerable period (as much as four hours for some gyrocempasses) 
may be needed for it to settle on the meridian after it reaches operating speed. This 
period can be reduced by orienting the compass in the proper direction before it is 
started. If this is not practicable, the settling period can be hastened by leveling tne 
compass when it reaches the meridian (one-fourth of a cycle or 21 minutes after starting 
at maximum deflection) or by leveling and precessing the gyro to the approximate 
meridian after its direction and rate of precession are observed for several minutes. 
Either process may need to be repeated several times and foliowed by a settling period. 
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Ficure 639.—-Gyrotompass error curves for latitud> 80°. 


The gyrocompass is subject to certain errors requiring applications of corrections, 
either manually or automatically (art. 632). 

The compass is an intricate mechanism of many parts. Thus, it requires some 
maintenance. In heavy seas a gyrocompass may become unreliable unless certain 
features are included in the design—features which are generally omitted from the 
small, simpler compasses. 

The directive force of a gyrocompass decreases with latitude, being maximum 
at the equator and zero at the geographical poles. 

642. Gyrocompass models.—The Mark 19 Gyrocompass System (fig. 642a) con- 
sists of four components: the master compass, the control cabinet, the compass failure 
annunciator, and the solid state power supply. 

The two main elements of the master compass (fig. 642b) are the compass element 
and the supporting element. The compass element includes the sensitive element (me- 
ridian and slave gyros), the phantom or follower element, and the gimbal. The supporting 
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Fictre 642s.—Mark 19 Grrocompass System. = 
oe element includes the frame and binnacle which provide a shock-mount support for the = 






compass element. 

The control cabinet contains all controls and indicaters necessary for the operation 
of the equipment. 

The compass failure annuntiator contains two indicator lights * > indicate a mal- 
function of the compass system or failure of the vessel’s 400 Hertz power supply. 

The solid state power supply provides the power necessary for operation of the 
Taster compass, control cabinet, conipass failure annunciator, and charging batteries 
used as emergency power. All other gyrocompass system components must be energized 
from ship power. In the event of loss of ship power, the solid state supply will continue 
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Fieurs 642b.—Mark 19 master compass. 


to operate from the batteries until the ship’s line is restored or the batteries are 
discharged. 

5 Fluid suspension of the sensitive element provides high shoc!- tolerance and greatly 
* reduces the effect of accelerations. At running temperature, the specific gravity of the 
- gyrosphere is the same as that of the oi! in which it is immersed. Since the gyrosphere is 
in neutral buoyancy, it exerts no load on the vertical bearings which, therefore, serve 
only as guides for the sphere. 

The Mark 19 Gyrocompass has four modes of operation. The normal mode pro- 
vides optimum performance up to latitude 75°. The fast settle mode provides acceler- 
’ ated settling of the compass upon starting. The high latitude mode provides optimum 
performance from latitude 75° to about latitude 86°. The directional gyro mode enables 
operation of the compass as a free gyro with the spin axis oriented to grid north (art. 
2510). 

The Mark 19 Gyrocompass consists basically of two gyros (fig. 642c) placed with 
their spin axes mutually perpendicular in the horizontal plane. The spin axis of one 
gyro is directed along a north-south line, and the spin axis of the second is slaved to the 
first along an approximate east-west line. The north-seeking or meridian gyro and the 
slave gyro are mounted one above the other in a supporting ring. This ring is made to 
follow the gyros in heading and tilt by azimuth, roll, and pitch servos. These servos 
also drive the synchro transmitters which serve to supply output data. 

The meridian gyro is essentially a gyrocompass. It furnishes indications of heading 
as well as tilt about the east-west axis. The slave gyro is essentially a free gyro and 
furnishes only an indication of tilt about the north-south axis. Thus, the Mark 13 
Gyrocempass provides heading, roll, and pitch data. 

In the meridian gyro of the Mark 19 Gyrocompass, the tilt is detected by a gravity 
reference attached to the vertical ring in such a way that it is parallel to the gyro axle. 
This device (electrolytic level) is a special level which transmits an electrical signal 
with magnitude and sense according to tilt. Since the gravity reference and axle are 
parallel and rigidly fixed with respect to one another, the signal emitted by the gravity 

reference is a measure of the gyro axle tilt about the east-west axis. In the more recent 
modifications of the gyrocompass, higher accuracy is obtained through the use of linear 
accelerometers instead of electrolytic levels to sense the direction of gravity. 
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Fiaure 642c.—Simplified diagram of the Mark 19 compass clement. 


The tilt signal, after amplification, is applied to the control fields of electrical 
torquers, as shown in figure 642d, whic) cause torques about the vertical and horizontal 
axes. The torquers located about the horizontal axis are known as the azimuth torquers. 
They apply a torque about the horizontal axis proportional to the amount of tilt of 
the spin axis and cause the gyro to piecess in azimuth. The effect. of this torque is the 
same as making the gyro pendulous by attaching a heavy weight to the bottom of the 
vertical ring. When one end of the axis is tilted up, the resulting torque about the hori- 
zontal axis precesses the gyro in azimuth, i.e., about its vertical axis. 

The leveling torquer, located about the vertical axis of the gyro, applies a torque 
about the vertical axis proportional to tilt and causes the gyro to precess about the 
horizontal axis to reduce the tilt to zero. Tho effect of this torque is the same as attaching 
a weight to the east side of the sphere (arv. 631). When one end of the gyro axle is tilted 
up, the esulting torque about the vertical axis precesses the high 2nd down. Thus, the 
effect ot chese two torques is to continually precess the axis to the meridian and make 
*t level. 

The Technical Manual for tho Mark 19 Gyrocompass should be referred to for 
an explanation of the means used (o control the compass. 

The Mark 27 Gyrocompass (fig. 6420) consisting of two major components—the 
master compass unit and the compass electronics unit—is dosigned for both military 
and commercial, small to medium class vessels. The cquipment is powered by an internal 
400 Hz solid state supply (inverter) operating from a 24 volt DC battery source or 
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Courtesy of Sperry Marine Systems. 


Fraurr 642¢e.—Mark 27 Gyrocompass System. 


from an external 115 volt 60 to 40 Hz converter (rectifier) unit. The master compass 
unit is an oil-filled sealed unit containing the sensitive element, fluid ballistic, and the 
supporting gimbals and servo drive. The compass electronics unit contains the compass 
controls, supporting solid ctate electronics, and « solid state power supply. A direct- 
. * reading heading indication dial on the master compass has red illumination for night 
viewing. The master compass can be provided with various types of electrical trans- 
ducers for transmission of the heading data to remote repeaters. The internal static 
power supply has the capability to power either two step repeaters or two servo synchro 
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repeaters. Additional repeaters can be accomodated with externally supplied power. 
‘The master compass unit can be mounted on top of the compass electronics unit, or in a 
remote location. 

Fluid suspension of the sensitive element, provides high shock tolerance and greatly 
reduces the effect of accelerations. The sensitive element can be caged when notin usé to 
prevent damage. The manually operated caging element is on top of the master.compass. 

A fluid ballistic (art. 631) provides the gravitational torques to make the gyro seek 
north. This ballistic consists of two interconnected brass tanks, partially filled with a 
20 centistoke silicone fluid. The small bore of the tubing connecting the tanks retards 
the free flow of fluid between the tanks. Because of the time it takes for the fiuid to flow, 
the disturbing effects of ship maneuvers and roll and pitch motion are minimized. 

To compensate for the effect of changes in vertical carth rate due to change of 


latitude, a manual latitude dial and a North/South switch is incorporated on the control ° 


unit for producing an electrical torque on the gyrosphere. The switch and dial should 
be properly positioned by the operator. 


The Mark 227 Gyrocompass (fig. 642f) utilizes the basic Mark 27 design in a ° 


configuration designed primarily for large commercial and auxiliary naval vessels. 
The master compass, which is identical to the Mark 27 master compass except for 
mounting facilities, is mounted in gimbals atop a deck-mounted console. All of the 
controls, except for the caging control, power supplies, and repeater switches (for up to 


Courtesy of Sperry Marine Systems. 


Ficure $42f.—Mark 227 Gyrocompass System, 
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§ repeaters) are contained in the console. Standard units are equipp. with a step 
transmitter and au:atiary equipment to power 8 step repeaters. Synchros, either 60 or 
400 Hz, can be added to supvly single or single and 36-speed data. Input power to this 
unit is 115 volt 60 to 400 Hz. Speed correction has been added and is set with a front 
panel knob. The additional gimbals enable transmission of azimuth data free of error 
due to deck tilt. 

643. Gyrocompass repeaters.—A gyrocompass is customarily located at a favorable 
position below decks, and its indications transmitted electrically to various positions 
throughout the vessel. Each repeater consists of a compass rose on a suitable card so 
mounted that the direction of the ship’s head is indicated at a lubber’s line. Although 
the repeater may be mounted in any position, including vertically on a bulkhead, it is 
generally placed in gimbals in a bowl, similar to the mounting of a compass, which it 
resembles (fig. 643). This is true particularly of repeaters used for obtaining bearings. 
A gyro repeater used primarily to indicate the gyro heading is sometimes called a 
ship’s course indicator. 

Gyrocompass indications are also used in automatic steering devices, direction- 
stabilized radarscopes, wind indicators, fire control equipment, etc. 

A compass used to control other equipment, particularly repeaters, is sometimes 


: called a master compass. In the case of a gyrocompass, it is usually culled a master 





Courtesy of Ahrendt Instrument Co. 





Fiaure 643.—A gyro repeater used as a ship’s course indicator (Mark 2 Mod 5). 





Lam aOR NIE NRE RE Ne! 


I NARIRBIARR NA YO 
oS 0 mE ts socom meemaemkMNTHMARNUW RA 
r ¢ in! 
e » 1 :) 

, » 
bye 

“eM 1 i 

« 0 
. ' , 
‘ 2 : 

















thle att on 











190 INSTRUMENTS FOR PILOTING AND DEAD RECKONING 


gyrocompass. It is good practice to check all repenters periodically with the mastor 
compass to Insure continued synchronization. 

644. Gyro repeater accessories.—Tho bearing circle and azimuth circle (art. 629) 
are nso used with the gyro repeater for bearing and azimuth obsorvations, A telescope 
alidade (fig. 644) may also be provided for bearing observations from repeaters, ‘he 
telescopic alidade is basically similar to the beating circle, except that it is fitted with a 
telescope instead of sighting vanes. Tho telescope of the telescopic alidade shown in 
figure 644 is mounted on a ring that fits on the gyro repeater. The erecting telescope is 
fitted with crosshair, level vial, polarizing light filter, and internal focusing. The optical 


eystem projects the image of approximately 25° of the compass card together with a» 


view of the level vial onto the optical axis of tho telescope, By this means, both tho 
observed object and its bearing can be viewed at the same time through the oyepiece. 


on 





Fiaunr 644.—Telescople alidade. 


645. Pelorus.— Although it is desirable to have a compass, » compass repeater, or 
an alidade for obtaining bearings, satisfactory results can be obtained by means of an 
inexpensive dovice known as a pelorus (fig 644). In appearance and use this device 
resemblos a compass or compass repeater, with sighting vanes or a sighting telescope 
attached, but it has no directive properties. That is, it remains at any relative direction 
to which it is sot. It is generally used by setting 000° at the lubber’s linc. Relative 
bearings aro then observed. Thoy can be converted to boarings true, magnetic, grid, 
otc., by adding tho appropriate heading. The direct use of relative bearings is sometimes 
of value. A pelorur is useful, for instance, in determining the moment nt which an aid 
to navigation is broad on the beam. It is also useful in measuring pairs of relative 
beuring» for use with tablo 7 or for determining distance off und distance abeam without 
a table. 

If tho true heading is sot at tho lubber’s line, true bearings are observed directly. 
Similarly, compass bearings can be observed if the compass hending is set at the lub- 
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Fieure 645.—A pelorus. 


ber’s line, etc. However, the vessel must be on the heading to which the pelorus is set 
if accurate results are to be obtained, or else a correction must be applied to the 
observed results. Perhaps the easiest way of avoiding error is to have the steersman 
indicate when the vessel is on course. This is usually done by calling out “mark, mark, 
mark” as long as the vessel is within a specified fraction of a degree of the desired 
heading. The observer, who is watching a distant object across the pelorus, selects 
an instant when the vessel is steady and is on course. An alternative method is to have 
the observer call out “mark” when the relative bearing is steady, and the steersman 
note the heading. If the compass is swinging at the moment of observation, the observa- 
tion should be rejected. The number of degrees between the desired and actual headings 
is added if the vessel is to the right of the course, and subtracted if to the left. Thus, if 
the course ia 066° and the heading is 062° at the moment of observation, a correction 
of 2° is added to the bearing. 

Each observer should determine for himself the technique that produces the most 
reliable results. 

646. Course recorder.—A continuous graphical record of the headings of a vessel 
can be obtained by means of & course recorder (fig. 646). In its usual form, paper 
with both heading and time graduations is slewly wound from one drum. to snother, 
its speed being controiled by a spring-powered clockwork mechanism. A pen is in 
contact with the paper, tracing a line to indicate the heading at oach moment. The 
pen is attached to an arm controlled by indications from a compass, usually the master 
gyrocompass. 

647. Dead reckcning equipmert.—The primary navigational functions of dead 
reckoning equipment (DRE) are to (1) provide continuous indications of the vessel’s 
present latitude and longitude, and (2) provide a graphical record of the vessel’s dead 
reckoning track. In addition, most types of dead reckoning equipment provide means 
for tracking one or more other craft, to obtain a graphical record of the other craft’s 
course and speed. This equipment is generally installed only on warships. 

Dead reckoning equipment consists in general of four components: (i) an analyzer; 
(2) latitude and longitude indicator dials; (3) a desk-size unit called a dead reckoning 
tracer (DRT); and (4) a glass plotting surface over the dead reckoning tracer. 

The analyzer receives directional signals from the vessei’s gyrocompass, and dis- 
tance signals from the underwater log. The course and distance data are transformed 
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Courtesy of Sperry Marine Systems. 
Fraure 646.—A course recorder. 


automatically to electrical signals proportional to the north-south and east-west com- 
ponents of the vessel’s movement. These distance signals are transmitted to the 
latitude and longitude indicators, changing their readings by the correct amount to 
indicate the new latitude snd the new longitude in degrees and minutes. Since the 
number of miles: . the north-south component of distance traveled is neatly equal to the 
change in latitude expressed in minutes, the latitude indicator is fed directly. Depar- 
ture (art. 204) is automatically tranformed to difference of longitude before being 
registered on the longitude indicator dials. If the indicater dials are correctly set to 
latitude and longitude, they continuously show subsequent dead reckoning positions 
of the vessel. 

The north-south and east-west component signals from the analyzer are also 
transmitted to the DRT (fig. 647), where they control the motion of a nencil which 
moves across a chart or plotting sheet attached to the DRT base. The pencil draws 
a line which conforms to the maneuvers of the vessel. The mechanism can be set to 
plot the track at any scale from \ mile per inch (4) mile on some) to 16 miles per inch. 
A clock-controlled contact lifts the pencil from the paper for 15 seconds of each minute 
and for a longer period each 10 minutes, thus providing automatic time measurement. 
The penci! carriage can be moved manually to any part of tha chart for initial setting 
and the direction of travel can be adjusted so that the chart can be placed with any 
cardinal direction “up.” 

The cover of the DRT is a sheet of glass to which a plotting sheet or blank paper _ 
can be fastened. An electric lamp on the top of the pencil carriage throws spot of %... 
light through the paper directly over the carriage, thus providing @ moving reference vs 
scaled to the course and speed of the vessel. If the position of the spct of light is marked oe 
periodically on the paper, a second record of the vessel’s track is obtained. However, = : 
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Figure 647.—A dead reckoning tracer. Courtesy of Arendt Instrument Co. 
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the principal use of this sheet is for plotting successive positions of another craft, using 
the spot of light as the origin. A polar grid centered on the light may be projected onto 
the paper to facilitate measurement. The course of the other vessel can be measured 
directly from the plot, and its speed can be determined by means of the time needed to 
travel any distance measured on the plot. This process is called tracking. If the ranges 
end bearings are plotted from a fixed point, relative movement is determined, a practice 
commonly followed in connection with radar. i 

While dead reckoning equipment is a great convenience, particularly when changes 
of course or speed are numerous, its indications should be checked by graphical plot : 
on the chart or plotting sheet. Reliable dead reckoning is too important t be left 

- entirely to mechanical equipment without an independent check. 
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CHAPTER VII 
COMPASS ERROR 
Magnetism 


701. Theory of magnetism.—The fact that iron can be magnetized (given the 
ability to attract other iron) has been known for thousands of years, but the explanation 
of this phenomenon has awaited the recently acquired knowledge of atomic structure. 
According to present theory, the magnetic field around a current-carrying wire and 
the magnetism of a permanent magnet are the same phenomenon—fields created by 
moving electrical charges. This occurs whether the charge is moving along a wire, 
flowing with the magma of the earth’s core, encircling the earth at high altitude as a 
stream of charged particles, or rotating around the nucleus of an atom. 

It has been shown that microscopically small regions, called domains, exist in 
iron and other ferromagnetic substances. In each domain the fields created by electrons 
spinning around their atomic nuclei are parallel to each other, causing the domain to 
be magnetized to saturation. In a piece of unmagnetized iron, the directions of the 
various domains are arranged in a random manner with respect to each other. If the 
substance is placed in a weak magnetic field, the domains rotate somewhet, toward the 
direction of that field. Those domains which are more nearly parallel to the field increase 
in size at the expense of the more non parallel ones. If the field is made sufficiently 
strong, entire domains rotate suddenly by angles of as much as 90° or 180° so as to 
become parallel to that “crystal axis” which is most nearly parallel to the direction of 
the field. If the strength of the field is increased to a certain value depending upon 
individual conditions, all of the domains rotate into parallelism with the field, and the 
iron itself is said to be magnetically saturated. If the field is removed, the domains 
have a tendency to rotate more or less rapidly to a more natural direction parallel to 
some crystal axis, and more slowly to random directions under the influence of thermal 
agitation. 

Magnetism which is present only when the material is under the influence of an 
external field is called induced magnetism. That which remains after the magnetizing 
force is removed is called residual magnetism. That which is retained for long periods 
without appreciable reduction, unless the material is subjected to a demagnetizing 
force, is called permanent magnetism. 

Certain substances respond readily to a magnetic field. These magnetic materials 
are principally those composed largely of iron, although nickel 2nd cobalt also exhibit 
magnetic properties. The best magnets ure made of an alloy composed mostly of iron, 
nickel, and cobalt. Aluminum and some copper may be added. Platinum and silver, 
properly alloyed with other material, make excellent magnets, but for ordinary purposes 
the increased expense is not justified by the improvement in performance. Permanent 
magnets occur in nature in the form of lodestone, a form of magnetite (an oxide of iron) 
possessing magnetic properties. A piece of this material constitutes a natural magnet. 

702. Hard and soft iron.—In some alloys of iron, the crystals can be so arranged 
and internally stressed that the domains remain parallel to each other indefinitely, and 
the metal thus becomes a permanent magnet. Such alloys are used for the nugnets of 
a compass. In other kinds of iron, the domains reorient themselves rapidly to conform 
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to the direction of a changing external field, and soon take random directions if the field 
is removed. A ferromagnetic substance which retains much of its magnetism in the 
absence of an external field, is said to have higk remanence or retentivity. ‘The strength 
of a reverse field (cne of opposite polarity) required to reduce the magnetism of a magnet 
to zero is called the coercivity or coercive force of the magnet. Hence, a compass magnet. 
should have high remanence in order to be strong, and high coercivity so that stray fields 
will not materially affect it. For convenience, iron is called “hard” if it has high rema- 
nence, and “‘soft”’ if it has low remanence. Permeability (4) is the ratio of the strength 
of the magnetic field inside the metal (B) to the strength of the external field 


B 
H), or w= =. 
(H), or # ii 


703. Lines of force.—The direction of a magnetic field is usually represented by 
lines, called lines of force. Relative intensity in different parts of a magnetic field is 
indicated by the spacing of the lines of force, a strong field having the lines close together. 
If a piece of unmagnetized iron is placed in a magnetic field, the lines of force tend to 
crowd into the iron, following its long axis, and the field is stronger in the vicinity of the 
iron, somewhat as shown in figure 703a. If the iron becomes permanently magnetized 
and is removed from this field, the lines of force around the iron follow paths about as 
shown in figure 703b. 
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Fictre 703a.—Lines of force crowd 7 2. ke 
into ferromagnetic material placed Figure 703b.—Field of a permanent 
in 2 magnetic field. magnet. 
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704. Magnetic poles.—The region in which the lines of force enter the iron is called 
the south pole, and the region in which they leave the iron is called the north pole. 
Thus, the lines of force are directed from south to north within the magnet, and from 
north to south in the external field. Every magnet has a north pole and a south pole. 
If a magnet is cut into two pieces, each becomes a magnet with a north pole and south 
pole. A single pole cannot exist independently. If two magnets are brought close to- 
gether, wnlike poles attract each other and Like poles repel. Thus, a north pole attracts a 
south pole but repels another north pole. 

The earth itself has a magnetic field (art. 796), with its magnetic poles being some 
distance from the geographical poles. If a permenent bar magnet is supported so that 
it can turn freely, both horizontally and vertically, it aligns itself with the magnetic 
field of the earth, which at most places is in a general north-south direction and inclined 
to the horizontal. Since the north pole of the magnet points in a northerly direction, the 
earth’s magnetic pole in the Northern Hemisphere has south magnetism. Nevertheless, 
it is called the north magnetic pole because of its geographical location. For e similar 
reason, the pole in the Southern Hemisphere, although it has north magnetism, is called 
the south magnetic pole. To avoid confusion, north magnetism is usually called “red,” 
and south magnetism, “blue.” The red (north) pole of a magnet is usually painted red, 


4 















































































































reat i 


i 





oh, 









































































































































196 COMPASS ERROR 


and in some cases the south (blue) pole is painted blue. The n. 
earth is a blue pole, and the south magnetic pole is a red pule. 

705. The magnetism of soft iron, in which remanence is \uw, depends vyon the 
position of the iron with respect to an external field. It is str sgest ‘f the Ing axis is 
parallel to the lines of force, and decreases to a minimum if then. ~al j* rotated so 
that the long axis is perpendicular to the lines of force. Figure 70.'sh ~. cee positions 
of a bar magnet with respect to a magnetic field. At position ¥ the pele at the upper 
end of the bar is red and relatively strong. As the bar is rotated toward position Y, the 
upper end remains red, but its strength decreases. At position Y, no pole is apparent at 
either end, but a red pole extends along the entire left. side of the bar, and a blue pole 
along the right side. Poles are strongest when cuucentrated into a small area. Hence, 


when spread over an entire side, as at position Y, they are relatively weak. At position 
Z. the upper end is blue. 


gnetic pole of the 





Figure 705.—The polarity of « soft iron bar in a 
magnetic field. 


The change in polarity as a bar of soft iron is rotated in a magnetic field can easily 
be demonstrated. If a bar of soft iron is placed vertical in northern magnetic latitudes 
(as in any part of the United States), the north (red) end of a compass magnet brought 
near it will be attracted by the upper end of the bar, and repelled by the lower end. If 
the bar is inverted, so that its ends are interchanged, the upper end (which as the lower 
end previously repelled the compass needle) will attract the north end of the needie, 
and the lower end will repel it. Thus, the polarity of the rod is reversed, either end 
having blue magnetism if it is at the top. This changing polarity of soft iron in the 
earth’s field is a major factor affecting the magnetic compasses of 8 steel vessel. 

706. Terrestrial magnetism.-~The earth itself can be considered to be a gigantic 
magnet. Aithough man has known for many centuries that the earth has a magnetic 
field, the origin of the magnetism is not completely understood. Nevertheless, the 
horizontal component of this field is a valuable reference in navigation, for it provides 
the directive force for the magnetic compass, which indicates the ship’s heading in 
relation to the horizontal component of this field. 

The world-wide pattern of the earth’s magnetism is roughly like that which would 
result from a short, powerful, bar magnet. near the earth’s center, as shown in figure 706. 
The geographical poles are at .he top and bottom, and the magnetic poles are offset 
somewhat. from them. This representation, however, is greatly simplified. The actual 
field is more complex, and requires measurement of its strength and direction at many 
places (art. 707) before it can be defined accurately enough to be of practical use to the 


navigator. Not only are the magnetic poies offset from the geographical poles, but the “*HQ,, 
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magnetic poles themselves are not 180° apart and, in general, a magnetic compass 
aligned with the lines of force does not point toward either magnetic pole. In 1975, the 
north magnetic pole was located at latitude 76°1N, longitude 100°0W, approximately, 
to the northward of Prince of Wales Island; and the south magnetic pole was at latitude 
65°8S, longitude 139°4E, approximately, off the coast of the northeastern part of 
Wilkes Land. However, the magnetic poles are not stationary. The entire magnetic 
field of the earth, including the magnetic poles, undergoes a small daiiy or diurnal 
change, and « very slow, progressive secular change. In addition, temporary sporadic 
: changes occur from time to time during magnetic storms (ari. 2526). During a severe 
storm, variation may change as much as 5°, or more. However, such disturbances are 
never so rapid as to cause noticeable deflection of the compass card, and in most navi- 
gable waters the change is so little that it is not significant in practical navigation. Even 
. when there is no temporary disturbance, the earth’s field is considerably more intricate 
than indicated by an isomagnetic chart (art. 708). Natural magnetic irregularities oc- 
curring over relatively small areas are called magnetic anomalies by the magneticians, 
but the navigator generally refers to these phenomena as local disturbances. Notes 
warning of such disturbances are shown on charts. In addition, artificial disturbances 
may be quite severe when a vessel is in close proximity to other vessels, piers, machinery, 
electric currents, etc. 
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Fictre 706.—The magnetic field of the earth. 


oun peas aenurensventeninnaseneeenatanmntstieman tinea sinanimmeeeometaissaimnomnaimiunennein 4 t 
ue “en 
18 4 
; ‘ Ms 
Hh 
si auf iA a ad iia i Nt ENE dt 


Lgl 


The elements of the earth’s field are as follows: i 
Total intensity (F) is the strength of the field at any point, measured in a direction . 
2 ete p- rallel to the field. Intensity is sometimes measured in oersteds, one oersted being equal 
to a force of one dyne acting on a unit pole. The range of intensity of the earth’s field 
is about 0.25 to 0.70 oersted. For convenience in geomagnetic surveying, a small unit 
is used, called the gamma. One oersted equals 100,000 gammas, so that the range of 
intensity of the earth’s field is about 25,000 to 70,000 gammas. ' 
Horizontal intezisity (H) is the horizontal component of the total intensity. At Bae os 
the magnetic equator, which corresponds roughly with the geographic equator, the field 
is parallel to the surface of the earth, and the horizontal intensity is the same as total be, 
= intensity. At the magnetic poles of the earth, the field is vertical and there is no . 
horizontal componeat. ‘The direciion of the horizontal component at any place defines 













nto tua 




























































































































































































a 





















CE eR 





198 COMPASS ERROR 


the magnetic meridian at that place. This component. provides the desired directive 
force of a magnetic compass. 

North component (X) is the horizontal intensity’s component along a geographic 
(true) meridian. 

East component (Y) is the horizuntal intensity’s compo 2nt perpendicular to the 
north component. 

Vertical intensity (Z) is the vertical component of the total intensity. It is zero 
at the magnetic equator. At the magnetic poles it is the same as the total intensity. 
While the vertical intensity has no direct effect. upon the direction indicated by a 
magnetic compass, it does induce magnetic fields in verticul soft iron, and these may 
= affect the compass. 

a Variation (V, Var.), called declination (D) by magneticians, is the angle between 

= ; the geographic and magnetic meridians at any place. The expression magnetic variation 

_ is used when it is necessary to distinguish this from other forms of variation. This 

: clement is measured in angular units and named east or west to indicate the side of true 
north on which the (magnetic) northerly part of the magnetic meridian lies. For 
computational purposes, easterly variation is sometimes designated positive (++), 
and westerly variation negative (—}j. Grid variation (GV) or grivation is the angle 
between the grid and magnetic meridians at any place, measured and named in a menner 
similar to variation. 

Magnetic dip (I), called inclination (I) by magneticians, is the vertical angle, 

; expressed in angular units, between the horizontal at any point and a line of force 
‘ , through that point. The magnetic latitude of a place is the angle having a tangent 
; equal to half that of the magnetic dip of the place. 

Ata distance of several hundred miles above the earth’s surface, the magnetic field 
surrounding the earth is believed to be uniform, es it appears in figure 706, and centered 
around two geomagnetic poles. These do not coincide with cither the magnetic poles 
(art. 704) or the geographical poles. However, they are 180° apart, the north geo- 
magnetic pole being at latitude 78°5N, longitude 69°W (near Etah, Greenland) and 
the south geomagnetic pole being at latitude 78°5S, longitude 111°E. The great circles 
through these poles are called geomagnetic meridians. That geomagnetic meridian 
passing through the south geographical pole is the origin for measurement of geo- ° 
magnetic longitude, which is measured eastward through 360°. The complement of the 
arc of a geomagnetic meridian from the nearer geomagnetic pole to a place is called the 
geomagnetic latitude. When the sun is over the upper branch of the geomagnetic merid- 
ian of a place, it is geomagnetic noon there, and when it is over the lower branch of the 
geomagnetic meridian, it is geomagnetic midnight. The angle between the lower branch 
of the geomagnetic meridian of a place and the geomagnetic meridian over which the 
sun is located is called geomagnetic time. The diurnal change is related to geomagnetic 
ume. The auroral zones (art. 2526) are centered on the geomagnetic poles. 

707. Measurement of the earth’s magnetic field is made continuously at about 70 __ 
permanent magnetic observatories throughout the world. In addition, large numbers —~-- 

we of temporary stations are occupied for short periods to add to man’s knowledge of the = 
earth’s field. In the past, measurements at sea have been made by means of nonmagnetic _ a 
ships constructed especially for this purpose. However, this is a slow and expensive _ 
method, and quite inadequate to survey properly the 71 percent of the earth’s surface 
covered with water. Since World War II, a satisfactory airborne magnetometer has. 
been developed by the U.S. Navy. By means of this instrument, continuous readings ~ aie 
can be recorded automatically during long overwater flights. & 

708. Isomagnetic charts showing lines of equality of some magnetic clement are “~%.. 

ee published by the Defense Mapping Agency Hydrographic Center. The magnetic data a 


7 
TNA I 


ts mre SN 


OE Ie 





34 
SI 


AE 





iii Sie 


2 hh ‘lw thet 4, 
SEU is ahd 


oo MGR GSU AA HHH & mmnme 8 
‘ 
. 

“ s 
1 ei 

\ i 

‘ 7 
‘ 

" 

ey i ‘Lalita ps 

wih ude tress 


a 
iu 































































































eran 


ee 


io 


ait 


TT 









ay» 


an 


ale 


COMPASS ERROR 199 


are compiled by the United States Geological Survey with the assistance of the National 
Qceanic and Atmospheric Administration and in collaboration with the U.S. Naval 
Oceanographic Office. The three charts of each element consist of one on the Mercator 
projection (art. 305) covering most of the world, and one on a polar projection (azi- 
niuthal equidistant (art. 320) or stereographic) for each of the two polar areas, All 
charts now included in the series are published at intervals of 10 , sars, showing the 
values for the beginning of each year ending in five. Charts showing variation are also 
published for the years ending in zero (1950, 1960, etc.). 

‘The isomagnetic chart of most concern to a navigator is chart 42, Magnetic Varia- 
tion, a simplified version of which is shown in figure 708a. The lines connecting points 
of equal magnetic variation are called isogonic lines. These are not magnetic meridians 
(lines of force). The line connecting points of zero variation is called the agonic line. 
Variation is also shown on nautical charts. Those of relutively small scale generally 
show isogonic lines. Those of scale larger than 1:100,000 generally give the ‘nformation 
in the form of statements inside compass roses placed at various places on the chart, 
and sometimes, also, by « magnetic compass rose within the true compass rose and offset 
from it by the amount of the variation. By means of this arrangement, true directions can 
be plotted without arithmetically applying variation to magnetic directions, or magnetic 
directions can be read directly from the chart. The magnetic compass rose is generally 
graduated in both degrees and points. Variation is given to the nearest 15’, and the 
annual change to the nearest 1’. However, since the rate of change is not constant, a 
very old chart should not be used, even though it has been corrected for all changes 
shown in Notices to Mariners. 

Another isomagnetic chart of value to the mariners is chart 30, Magnetic Incli- 
nation or Dip, figure 708b. Lines connecting points of equal magnetic dip are called 
isoclinal lines. The line connecting points of zero dip is called the magnetic equator. 

Other isomagnetic charts are chart 38, showing horizontal intensity in gammas 
(art. 706); chart 36, showing vertical intensity in gammas; and chart 39, showing 
total intensity in gainmas. Lines connecting points of equal intensity on any of these 
charts are called isodynamic lines. 

Other isomagnetic charts show (1) magnetic inclination in north and south polar 
areas; (2) horizontal intensity, including horizontal intensity in north and south polar 
areas; (3) vertical intensity, including vertical intensity in north and south polar areas; 
(4) total intensity, including total intensity in north and south polar areas; (5) magnetic 
variation in north and south polar areas; and (6) magnetic grid variation. 

All of the isomagnetic charts also show isopors, in a distinctive color, connecting 
points of equal annual change of the clement at the epoch of the chart. 

The charts are as accurate as can be made with available information, except that 
the lines are smoothed somewhat, rather than depicting every small irregularity. 
The larger irregularities are reflected in the information shown on nautical charts, 
but local disturbance is indicated by warning notes at appropriate places. In areas 
where measurements of the magnetic field hava not been made for a long period, 
the previous information is altered in accordance with the best information available 
on secular change, with some adjustment to provide continuous smooth curves. When 
information is thus carried forward for many years, errors may be introduced, particu- 
larly in areas where the rate ci change is large and variable. Magneticians have not 
detected a recognizable worldwide pattern in secular change, such as would occur if it 
were due only to shifting of the positions of the magnetic poles. Rather, these shifts 
are part of the general complex, little-understood secular change. 
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The Compass Error 


709. Magnetic compass error.—Directions relative to the northerly direction 
along a geographic meridian are true. In this case, true north is the reference direction. 
If a compass card is horizontal and oriented so that a straight line from its center to 
000° points to true north, any direction measured by the card is a true direction and 
has no error (assuming there is no calibration or observational error). If the card 
remains horizontal but is rotated so that it points in any other direction, the amount 
of the rotation is the compass error. Stated differently, compass error is the angular 
difference between true north and compass north (the direction north as indicated by 
a magnetic compass). It is named east or west to indicate the side of true north on 
which compass north lies. 

if a magnetic compass is influenced by no other magnetic field than that of the 
earth, and there is no instrumental error, its magnets are aligned with the magnetic 
meridian at the compass, and 000° of the compass card coincides with magnetic north. 
All directions indicated by the card are magnetic. As stated in article 706, the angle 
between geographic and magnetic meridians is called variation (V or Var.). Therefore, 
if a compass is alignea with the magnetic meridian, compass error and variation are 
the same. 

When a compass is mounted in a vessel, it is generally subjected to various mag- 
netic influences other than that of the earth. These arise largely from induced mag- 
netism in metal decks, bulkheads, masts, stacks, boat devits, guns, etc., and from 
electromrenetic fields associated with direct current in electrical circuits. Some metal 
in the vicinity of the compass may have acquired permanent magnetism. The actual 
magnetic field at the compass is the vector sum, or resultant (art. 118, vol. IT), of all 
individual fields at that point. Since the direction of this resultant field is generally 

not the same as that of the earth’s ‘ield alone, the compass magnets do not lie in the : 
magnetic meridian, but in a direction that makes an angle with it. This angle is called : 
deviation (D or Dev.). Thus, deviation is the angular difference between magnetic is, 
north and compass north. It is expressed in angular units and named east or west to : 
indicate the side of magnetic north on which compass north “es. Thus, deviation is 
the error of the compass in pointing to magnetic north, and all directions measured 
with compass north as the reference direction are compass directions. Since variation 
and deviation may each be either east or west, the effect of deviation may be to either 
increase or decrease the error due to variation alone. The algebraic sum of variation and 
deviation is the total compass error. 

For computational purposes (art. 727), deviation and compass error, like variation, | - 
may be designated positive (+-) if east and negative (—) if west. : 

Variation changes with location, as indicated in figure 708a. Deviation depends 





fit 


: 


oR RN NNN OE NNEC! | 


TA ates Aba 





‘ 





2 
me 
& 
= 

4 

3 
a 
ES 
Be 
= 

3 
=e 
Z 

= 

3 
= 

& 
3 
3 
== 


7 


4, 


ORLA RMR «8 





4a 
Senda intl si hia sa 


wb bdo uhh att 


ie 


1 


a} 
bs 


x § seinen a 
' 
swt 
' 
sa 





upon the magnetic latitude and also upon the individual ves:el, its trim and loading, | pone i 
whether it is pitching or rolling, the heading (orientation of the vessel with respect to | -° ¥ 
the earth’s magnetic field), and the location of the compass within the vessel. Therefore, | “ae 
% - = 

> Bs 


deviation is not published on charts. 

710. Deviation table-—In practice aboard ship, the deviation is reduced to a‘: .- = 
minimum, as explained later in this chapter. The remaining value, called residual | 
deviation, is determined on various headings and recorded in some form of deviation 
table. Figure 710 shows both sides of the form used by the United States Navy. This 
table is entered with the magnetic heading, and the deviation on that heading is deter- 
mined from the tabulation, separace columns being given for degaussing (DG) off and 
on (art. 740). If the deviation is not more than about 2° on any heading, satisfactory 
results may be obtained by entering the values at intervals of 45° only. 
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VERTICAL INDUCTION DATA 
(Fill out completely before adjusting) 


RECORD OLVEATION ON AT LEAST TwO ADJACENT CAROINAL HEADINGS. 





eerone staring sowsiunr x 8Wo¢ 0 s&E IE 
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oare 3 December 2974 Ot 32 53n_ 2 6117 18W 
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RECORD HERE CATA OM RECENT OvEMAULS GUNSIEE ST@UCTUMAL CHANGES FLASHING 
CEPEMMING WITH DATES ANG EFFECT ON MAG ETIC COMPASSES, 


Shipyard overhaul: 

3 Oct - 2 Dec 1974 
Depermed at Norfolk, Va.: 

3 Dec 1974 


PERFORMANCE DATA 
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COMPASS ACTION 
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recorded both e1th degaussing couls off and with degevssiag 
couls energized at the proper currents for heading end magnetic 
tone 

« Lech tame thas form as filled out after # swing for deviations, 
# copy shell be submitted to Navel Shap Enguacersng Comter 
Hyattsville Maryfand 20782 A letter of tramserttal as not 
required, 


~ 


- 


When chonce of box 1s given, chech opplicable bow 


“ 


Before adpusting, fs1) an cection om “vertical Iaduction Dete® 
above 


== 
MAYSEA = - 3820/4 (REY. 6-72) (REVERSE) Consens 


Figure 710~—Deviation table. 


If the deviation is small, no appreciable error is introduced by entering the table 
with either magnetic or compass heading. If the deviation on some headings is large, 
the desirable action is to reduce it, but if this is not practicable, a separate deviation 
table for compass heading entry may be useful. This may be made by applying the 
tabulated deviation to each entry value of magnetic heading, to find the corresponding 
compass heading, and then interpolating between these to find the value of deviation 
at each 15° compass heading. Another method is to plot the values on cross-section 
paper and select the desired values graphically. 

A nomogram especially designed for interconversion of magnetic and compass 
headings is called » Napier diagram, having been devised by James Robert Napier 
(1821-79). It consists of a dotted, vertical centerline graduated from 000° to 360° 
(usually in two parallel parts of 180° each), with two series of crosslines making angles 
of 60° with the dotted vertical line and with each other. If magnetic headings are used, 


deviation is measured along a solid crossline; 


and if compass headings are used, devia- 


tion is measured along a dotted crossline. A deviation curve is drawn through the 
various points. To convert a magnetic heading to a compass hending, one finds the 
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magnetic heading on the vertical centerline, moves parallel to a solid crossline until 
the curve is reached, and returns to the centerline by moving porallel to a dotted iine. 
The compass heading is the value at the point of return. The reverse process is used 
for converting a compass heading to a magnetic heading. This nomogram is of par- 
ticular value vrhere the deviation is large and changing rapidly. It is now possible, 
however, to reduce deviation to such small values that the Napier diagram has lost 
much of its appeal and is seldom used. 

Another solution is to make a deviation table with one column for magnetic 
heading, a second column for deviation, and a third for compass heading. Still an- 
other solution, most popular among yachtsmen, is to center a compass rose inside a 
larger one so that an open space is between them, and aradial line would connect points 
of the same graduation on both roses. Each magnetic heading for which deviation 
has been determined is located on the outer rose, and a straight line is drawn from 
this point to the corresponding compass heading on the inner rose. 

A variation of this method is to draw two parallel lines a short distance apart, and 
graduate each from 0 to 360 so that a perpendicular between the two lines connects 
points of the same graduation. Straight lines are drawn from magnetic directions on 
one line to the corresponding compass directions on the other. If the lines are hori- 
zontal and the upper one represents magnetic directions, the slope of the line indicates 
the direction of the deviation. That. is, for westerly deviation the upper part of the 
connecting line is left. (west) of the bottom part, aud for easterly deviation it is right. 

An important point to remember regarding deviation is that it varies with the 
heading. Therefore, a deviation table is never entered with a bearing (art. 1004). If the 
deviation table converts directly from one type heading to another, deviation is found 
by taking the difference between the two values. On the compass rose or straight-line 
type, the deviation can be written alongside the connecting line, and the intermediate 
values determined by estimate. If one has trouble determining whether to add or 
subtract deviation when bearings are involved, he has only to note which heading, 
magnetic or compass, is larger. The same relationship holds between the two values 
of bearing. 

The devit.tion table should be protected from damage due to handling or weather, 
and placed in « position where it will always be available when needed. A method 
commonly used i: to mount it on a board, cover it with shellac or varnish, and attach 
it to the binnacle. Another method is to post it under glass near the compass. It is good 
practice for the navigator to keep a second copy available at a convenient place for 
his use. 

711. Applying variation and deviation.—As indicated in article 709, a single direc- 
tion may have any of several numerical values depending upon the reference direction 
used. One should keep clearly in mind the relationship between the various expressions 
of a direction. Thus, true and magnetic directions differ by the variation, magnetic 
and compass direciions differ by the deviation, and true and compass directions differ 
by the compass error. Other relationships are also useful. Thus, grid (art. 2510) and 
magnetic directions differ by the grid variation or grivation, and true and relative 
directions differ by the true heading. The use of variation and deviation is considered 
here. Other relationships are discussed elsewhere in this volume. 

If variation or deviation is easterly, the compass card is rotated in a clockwise 
direction. This brings smaller numbers opposite the lubber’s line. Conversely, if 
cither error is westerly, the rotation is counterclockwise and larger numbers are brought 
opposite the lubber’s line. Thus, if the heading is 090° true (fig. 711, A) and variation 
is 6°E, the magnetic heading is 090°—6°=084° (fig. 711, B). If the deviation on this 
heading is 2°W, the compass heading is 084°+2°=086° (fig. 711, C). Also, compass 
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error is 6°E—2°W=4°R, and compass heading is 090°—4°=086°. If compass erroi 
easterly, the compass reads too low (in comparison with true directions), and if it is 
westerly, the reading is too high. Many rules-of-thumb have been devised as an aid 
to the memory, and any which assist in applying compass errors in the right direction 
are of value. However, one may forget the rule or its method of application, or may 
wish to have an independent check. If he understands the explanation given above, 
he can determine the correct sign without further information. The same rules apply 
to the use of gyro error. Since variation and deviation are compass errors, the process 
of removing either from an indication of a direction (converting compass to magnetic 
or magnetic to true) is often called correcting. Conversion in the opposite direction 
(inserting errors) is then called uncorrecting. 
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Ficurr 711.—Effect of variation and deviation on the compass card. 


Example.—A vessel is on corse 215° true in an area where the variation is 7°W. 

i The deviation is as shown in figure 710. Degaussing is off. The gyro error (GE) is 1°E. 
A lighthouse bears 306°5 b>; magnetic compass. 

Required.—(1) Magnetic neading (MH). 

(2) Deviation. 

(3) Compass heading (CH). 

(4) Compass error. 

(5) Gyro heading. 

(6) Magnetic bearing of the lighthouse. 

(7) True bearing of the lighthouse. 

ae (8) Relative bearing (art. 904) of the lighthouse. 
; Solution.— 
TH 215° 
VW 

{ (1) MH 222° 
be. ‘ @) D 1°5W 
(3) CH 223° 
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The deviation is taken from the deviation table (fig. 710), to the nearest half degree. 
(4) Compass error is 7°W+-1°5W=8°5W. 
TH 215° 

GE 1°E 
(5) Hy. 214° 









CB 

D 

(6) MB 
Vv 

(7) TB 


306°5 
_1°5W 
305° 
_7W 
298° 


(8) RB=TB—TH=298° —215°=083°. 
Answers.—(1) MH 222°, (2) D1°5W, (3) CH 22325, (4) CE 8°5W, (5) Hyge 214°, 
(6) MB 305°, (7) TB 298°, (8) RB 083°. 


Deviation and its Reduction 


712. Magnetism of a steel vessel—The materials of which a vessel is constructed 
are not, in general, selected for their magnetic properties. As a result, many degrees 
of permeability, remanence, and coercivity (art. 702) exist within its structure. De- 
tailed analysis of the complex field existing at a magnetic compass is a specialized 
study not ordinarily required of the navigator. However, a genera! knowledge of the 
basic principies involved is of value to the navigator in helping him understand better 
the behavior of his magnetic compasses. 

For most pri poses, a vessel can be considered to be composed of two types of 
material: “hard iron” and “soft iron.” 

“Hard iron” is all material having some degree of permanent magnetism. This 
magnetisin is acquired largely during construction of the vessel, when the rearrangement 
of the domains (art. 701) is facilitated by the bending, riveting, welding, and other 
violent mechanical processes. Since a vessel remains on @ constant magnetic heading 
while it is on the building ways, a field of permanent magnetism becomes established, 
the positions of the poles being dependent largely upon the orientation of the hull with 
respect to the magnetic field of the earth. If a vessel is constructed on a heading of 
magnetic north, at a place where the magnetic dip is 70°N (the approximate value at the 
midpoint of the east coast of the United States), its field of permanent magnetism is 
about as shown at the left of figure 712. The upper and stern portions are magnetically 
blue, while the lower and forward portions are magnetically red. If the vessel is built 
on a heading of magnetic east, the starboard and upper portions are blue, and the port 
and lower portions are red, as shown by the stern view at the right of figure 712. If the 
heading is magnetic northeast, the upper, starboard, and stern portions are blue, and 
the lower, port, and forward portions red. The red end blue portions for any given 
vessel can be visualized by drawing a sketch similar to that of figure 712, with the 
correct orientation. 

The “permanent” magnetism thus acquired during construction is less permanent 
than tha. of a permanent magnet such as one of those used in a compass, and is modified 
somewhat after launching, particularly if the vessel remains on another heading for a 
considerable time during fitting out. The change is especially rapid during the first 
few days after lauaching, when the domains of the softer iron become reoriented. At : 
this stage, deviation due to permanent magnetism may change several degrees. Further). - ) ys 
changes in the vessel’s permanent magnetism may occur during long periods of being =~ 
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Figure 712.—Permanent magnetism of a vessel built on heading magnetic | North (left) and magnetic 
east (right) ut a place where the magnetic dip is 70°N 






moored 01 @ constant heading, or during a run of several days on nearly the same 
heading. This change is gradual and affects the strength, but usually not the polarity, 
of the magnetic field. The permanent field may be changed quickly, in polarity as 
well as in strength, if the vessel grounds, collides with another vessel, i: struck by 
lightning, undergoes magnetic treatment (art. 742), fires its guns, or is struck by shells 
or bombs, etc. 

The effect that the permanent magnetism of hard iron has upon a compass depends 
upon the position and strength of the poles relative to the compass. When the poles 
are in line with the north-south axis of the compass card, the only effect is to strengthen 
or weaken the directive force of the compass. When the compass heading is approxi- 
mately 90° away, so that the poles are east and west of the compass, the deviating 
effect is maximum. The direction of the deviation is the same as that of the blue pole 
with respect to the compass. 

“Soft iron” is all that material in which induced magnetism (art. 701) is present. 
With respect to its effect upon the magnetic compass, it is classed as either vertical or 
horizontal. Unlike hard iron, its magnetic field changes quickly as its orientation with 
respect to the earth’s field changes. It also changes as the strength of the earth’s field 
changes. For some purposes induced magnetism can be treated as if it were concen- 
trated in two bars of soft iron, one vertical and the other horizontal. The polarity 
depends upon the position of the vessel relative to the earth’s magnetic field, and the 
strength depends upon the strength of the vertical and horizontal components of the 
earth’s field. This is illustrated in figure 712. In north magnetic latitude the bottom 
of the vertical rod has red magnetism and the top kas blue maguetism. In south mag- 
netic latitude these are reversed. In both north and south magnetic latitudes the 
magnetic north end of the horizontal bar has red magnetism, and the magnetic south 
end has blue magnetism. Thus, whatever the position of the rod, that part in the 
direction of magnetic north bas red magnetism, and that part in the direction of mag- 
netic south has blue magnetism. That is, each end has magnetism opposite to that of 
the megnetic pole indicated by the direction in which it is pointed. 

The effect upon a magnetic compass of the induced magnetism in soft iron depends 
upon the strength and direction of the field relative to the compass. The cumulative 
effect of the induced magnetism in vertical soft iron is generally on the centerline of the 
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vessel (if of conventional construction), and for a compass located forward, as on 
the bridge, is aft of the compass. In magnetic north latitude the effect is generally 
that of a blue pole at the level of the compass card. In magnetic south latitude the 
pole is red. On a heading of compass north or south the pole is in line with the magnets 
of a centerline compass and serves only to strengthen or weaken the directive force. 
On a heading of compass east or west. the pole is perpendicular to the north-south 
axis of the compass card, and the deviating force is greatest. 

For a compass located on the centerline of a vessel of conventional construction, 
the horizontal soft iron close enough to have appreciable effect upon the compass is 
arranged in a more-or-less symmetrical manner with respect to the compass. Thus, 
on any cardinal compass heading, the fore-and-aft and athwartship horizontal soft iron 
is either in line with the compass magnets or equally and similarly arranged on both 
siuicy. No error is introduced by such symmetrical horizontal soft iron because the 
iron north and south of the compass magnets serves only to strengthen or weaken the 
directive force, and that east and west of the compass sets up an equal and opposite 
field on each side. On intercardinal headings, the poles of the induced magnetism are 
offset and a maximum deviating force occurs. That part of horizontal soft iron which 
is not symmetrically arranged with respect to the compass—the asymmetrical soft 
iron—produces deviation which is maximum on the cardinal headings and zero on the 
intercardinal headings (by compass). This type of deviation is particularly great in a 
compass not mounted on the centerline of the vessel. It may also produce deviation 
which is constant on all headings. 

In wooden-hulled vessels such as certain yachts and small fishing vessels, one or 
more of these types of magnetism may be weak or entirely missing, but this does not 
justify the omission of any part of the correction procedure. 

As far as its effect upon the compass is concerned, the magnetic field at a center- 
line compass Iecated forward on a vessel of conventional construction, and on an even 
keel, is essentially the same as that which would result from four sources: (1) the earth’s 
magnetism; (2) a single blue pole the location and strength of which depends upon the 
magnetic history of the vessel; (3) a single pole which is blue in north magnetic latitude 
and red in south magnetic latitude, is on the centerline aft of the compass, and increases 
in strength with higher magnetic latitude; and (4) a single blue pole on the starboard 
side for easterly headings and on the port side for westerly headings, being of zero 
strength on a heading of north or south and decreasing ia strength with increased 
magnetic latitudes. The single pole concept assumes that the effect of one pole pre- 
dominates. The locations of the poles depend partly upon the position of the compass 
to which they apply. The actual field surrcunding any magnetic compass may be 
considerably more complex than indicated. 

713. Compass adjustment.—There are at least two possible solutions to the prob- 
lem of compass error. The error can be permitied to remain, and the various directions 
interconverted by means of variation and deviation, or compass error, as explained in 
article 711; or the error can be removed. In practice, a combination of both of these 
methods is used. 

Variation depends upon location of the vessel, and the navigator has no control 
over it. Provision could be made for offsetting the lubber’s line, but this would not 
be effective in correcting magnetic compass bearings, and this practice is not generally 
followed. Variation does not affect the operation of the compass itself, and so is not 
objectionable from this standpoint. 

Deviation is undesirable because it is more troublesome to apply, and the magnetic 
field which causes it partly neutralizes the directive force acting upon the compass, 
causing it to be unsteady and sluggish. As the vessel rolls and pitches, or as it changes 
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magnetic latitude, the magnetic field changes, producing a corresponding change in the 
deviation of an unadjusted compass. 

Deviation is eliminated, as neatly as practicable, by introducing at the compass a 
magnetic field that is equal in magnitude and opposite in polarity to that of the vessel. 
This process is called compass adjustment, or sometimes compass compensation, 
although the latter designation is now more generally applied to the process of neutral- 
izing the effect due to degaussing of the vessel (art. 745). 

In general, the introduced field is of the same kind of magnetism as well as of the 
same intensity as those of the field causing deviation. That is, permanent magnets 
are used to neutralize permanent magnetism, and soft iron to neutralize induced mag- 
netism, so that the adjustment remains effective with changes of heading and magnetic 
latitude. A relatively small mass of iron near the compass introduces a field equal to 
that of a much larger mass at a distance. 

When a compass is properly adjusted, its remaining or residual deviation is small 
and practically constant at various magnetic latitudes, the directive force is as strong 
as is obtainable on all headings, and the compass returns quickly from deflections and is 
comparatively steady as the vessel rolls and pitches. 

714. Effect of latitude.—<As indicated in article 706, the magnetic field of the earth 
is horizontal at the magnetic equator, and vertical at the magnetic poles, the change 
occurring gradually as a vessel proceeds away from the magnetic equator. At any 
place the relative strength of the horizontal and vertical components depends upon the 
magnetic dip. The directive force of a magnetic compass, provided by the horizontal 
component of the earth’s magnetic field, is maximum on or near the magnetic equator 
and gradually decreases to zero at the magnetic poles. Within a certain area surrounding 
each magnetic pole the directive force is so weak that the compass is unreliable 
(art. 2513). 

Deviation changes with a change of the relative strength of cither the deviating 
force or the directive force. Thus, with either an increase in deviating force or a de- 
crease in directive force, the deviation increases. However, if both the deviating and 
directive forces change by the same proportion, and with the same sign, there is no 
change in deviation. Also, if a deviating force is neutralized by an equal and opposite 
force of the same kind, there is no change of deviation with a change of magnetic latitude. 

Permanent magnetism is the same at any latitude. If the permanent magnetism 
of the vessel is neutralized by properly placed permanent magnets of the correct 
strength, a change of magnetic latitude can be made without introduction of deviation. 
But if residual deviation due te permanent magnetism is present, it increases with a 
change to higher latitude. The deviating force remains unchanged while the directive 
force decreases, resulting in an increase in the relative strength of the deviating force. 

As magnetic latitude increases, the vertical component of the earth’s magnetic field 
becomes stronger, increasing the amount of induced magnetism in vertical soft iron. 
At the same time the directive force of the compass decreases. Both effects result in 
increased deviation unless the deviating force is neutralized by induced magnetism in 
vertical soft iron. 

As magnetic latitude increases, the induced magnetism in the horizontal soft iron 
decreases in the same proportion as the decrease in the directive furce of the compass, 
since both are produced by the horizontal component of the earth’s magnetic field. 
Therefore, any deviation due to this cause is the same at any latitude. 

715. Parameters.—Compass adjustment might be accomplished by locating the 
pole of each magnetic field, and establishing another pole of opposite polarity and 
equal intensity at the same place, or of less intensity and nearer to the compass; or a 
pole of opposite polarity and suitable intensity might be established at the correct dis- 
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tance on the opposite side of the compass. Thus, a blue pole east of a compass attracts 
the red northern ends of the compass magnets and repels the blue southern ends. Both 
effects cause rotation of the compass magnets and the attached compass card in a clock- 
wise direction, producing easterly deviation. Either a red pole east of a compass, or a 
blue pole west of it, causes westerly deviation. If there are two fields of oppesite polarity, 
one will tend to neutralize the other. If the intensities of the two fields are equal at 
the compass, one will cance! the other, and no deviation occurs. 

Because of the complexities of the magnetic field of a vessel, and the fact that each 
individual field making up the total is present continuously, the process of isolating 
individual poles would be « difficult and time-consuming one. Fortunately, this is 
unnecessary. The vessel’s field is resolved into certain specified components. Each of 
these components, regardless of its origin or the number of individual fields contributing 
to it, can be neutralized separately. Each component is called a parameter, and the 
various parameters are designated by letter, as follows: 

Permanent magnetism. Parameter P is the fore-and-aft component. It is positive 
(+) if it is the equivalent of a blue pole forward of the compass, and negative (—) if red. 

Parameter Q is the athwartship component. It is positive if it is the equivalent of 
a blue pole to starboard. 

Parameter R is the vertical compenent. It is positive if it is the equivalent of a 
blue pole below the compass. 

Induced magnetism has nine parameters, each the equivalent of that produced by 
a slender rod of soft iron. Each end of a rod is positive if it is forward, to starboard, or 
below the compass. Each rod is positive if both ends are positive or if both ends are 
negative, and negative if the two ends are of opposite sign. The rods are as follows: 

a, 6, c—one end level with the conipass and in its fore-and-aft axis, either forward or 
aft. It is an a rod if it extends fore-and-aft, a b rod if athwartships, and a rod if vertical. 

d, e, f—one end level with the compass and in its athwartships axis, either to star- 
board or to port. It is a d rod if it extends fore-and-aft, an e rod if athwartships, and 
an f rod if vertical. 

g, h, k—one end in the vertical axis of the compass, either above it or below it. 
It is a g rod if it extends fore-and-aft, an h rod if athwartships, and a & rod if vertical. 

716. Coefficients.—Deviation which is easterly throughout approximately 180° of 
heading and westerly throughout the remainder is called semicircular deviation, indi- 
cating that its sign remains unchanged throughout a semicircle. Deviation caused by 
permanent magnetism and that caused by induced magnetism in vertical soft iron are 

semicircular. Deviation which changes sign in each quadrant, being easterly in two 
opposite quadrants and westerly in the other two, is called quadrantal deviation. It 
is caused by induced magnetism in horizontal soft iron. The types of deviation r2- 
sulting from the various parameters are called coefficients. There are six, as follows: 

Coefficient A is constant on all headings. If its cause is magnetic, as from an 
asymmetrical combination of parameters, it is a “true” constant. If its cause is me- 
chanical, as from an incorrectly placed lubber’s line, or mathematical, as from an error 
in computation of magnetic azimuth, it is an “apparent” constant. 

Coefficient B is semicircular deviation which is proportional to the sine of the 
compass heading. It is maximum on compass headings east or west, and zero on com- 
pass headings north or south. Coefficient B is caused by permanent magnetism, and 
also by induced magnetism in asymmetrical vertical soft iron. 

Coefficient C is semicircular deviation which is proportional to the cosine of the 
compass heading. It is maximum on compass headings north or south, and zero on 
compass headings east. or west. Cocfficient C is caused by permanent magnetism or 
by induced magnetism in asymmetrical vertical soft iron athwartship of the compass. 
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Coefficient Dis quadrantal deviation which is proportional to the sine of twice 
the compass heading. It is maximum on intercardinal compass headings, and zero on 
cardinal compass headings. Coefficient D is caused by induced magnetism in horizontal 
soft iron which is symmetrical with respect to the compass. 

Coefficient E is quadrantal deviation which is proportional to the cosine of twice 
the compass heading. It. is maximum on cardinal compass headings, and zery ¢ > inter- 
cardinal compass headings. Coefficient £ is caused by induced magnetism in honzontal 
soft iron which is asymmetrical with respect to the compass. 

Coefficient J is the change of deviation for a heel of 1° while the vessel is on compass 
heading 000° 

The determination and use of the approximate coefficients in the analysis of com- 
pass deviation are discussed in article 727. The force components producing these 
coefficients are called exact coefficients. They are designated by the corresponding 
upper case German letters. The exact coefficients are now little used in practical naviga- 
tion. They are fully discussed in various bocks on compass adjustment. 

717. Eifect of compass location.—The location of a magnetic compass greatly 
influences the amount and type of deviation, as well as the adjustment. Thus, if a 
compass is on the centerline, forward, the effective pole of vertical soft iron is aft of it; 
but if the compass is on the afterpart of the vessel, the effective pole isTorward. If the 
compass is not on the centerline, as the steering compass of on aircraft carrier, the 
magnetic field of the vessel is not symmetrical with respect to the compass. If a compass 
is located in a steel pilot house, the surrounding metal acts as a shield and reduces the 
strength of the magnetic field of the earth. This is of particular significance in high 
magnetic latitudes, where the directive force is weak. 

Many factors influence the selection of a position for the compass. The most 
important consideration is the use to be made of it. A steering compass is of little 
use unless it is located so that it can be seen by the steersman. A compass to be used 
for emergency steering should be at the emergency steering station. A compass to be 
used for observing bearings or azimuths, or a standard compass to be used for checking 
other compasses, should be located so as to have a clear view in most directions. 

However, some choice is possible. A compass should not be placed off the center- 
line if it can be placed on the centerline and still serve its purpose. It should not be 
placed near iron or steel equipment that will frequently be moved, if this can be avoided. 
Thus, a location near a gun, boat davit, or boat crane is not desirable. The immediate 
vicinity should be kept free from sources of deviation—particularly those of a changing 
nature—if this can be done. That is, no scurce of magnetism, other than the structure 
ef the vessel, should be permitted within a radius of several feet of the magnetic com- 
pass. Some sources which might be overlooked are electric wires carrying direct current; 
magnetic instruments, searchlights, windshield wipers, electronic equipment, or Motors; 
steel control rod: ears, or supports associated with the steering apparatus; fire ex- 
tinguishers, gas detectors, etc.; and metal coat hangers, flashlights, keys, pocketknives, 
metal cap devices, or nylon clothing. The effect of some items such as an ammeter or 
electric windshield wiper varies considerably at different times. If direct current is used 
to light. the compass, the wires should be twisted. 

A magnetic compass cannot be expected to give reliable service unless it is properly 
installed and protected from disturbing magnetic influences. 

718. The binnacle.—The compass is housed in a binnacle. This may vary from a 
simple wooden box to an elaborate device of bronze or other nonmagnetic material. 
Most binnacles provide means for housing or supporting the various objects used for 
compass udjustment, as well as the equipment for compensating for deviation caused by 
degaussing. The standard binnacle for the U. S. Navy 7%inch compass is shown in 
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Frat're 718.—The standard binnacle for a U.S. 
Navy 74-inch compass. 


figure 718. The trays for holding the fore-and-aft and athwartship magnets (art. 719), 
and the tube for the heeling raagnet (art. 724), can be seen through the open doer. 

719. Adjustment for deviation due to permanent magnetism.—Permanent magne- 
tism can be considered concentrated in a single pole, the position of which depends upon 
the magnetic heading upon which the vessel was constructed, and the subsequent 
magnetic history of the vessel. Figure 719a indicates the condition if the permanent mag- 
netism can be considered concentrated in a single blue pole which is directly south 
of the compass when the vessel is headed magnetic northeast. The only effect on this 
heading is to weaken the directive force. No deviation is produced because the pole is 
in line with the compass magnets. On heading magnetic southwest, the pole is also in line 
with the compass magnets and there is no deviation, but the directive force is strength- 
ened. On any other heading, the pole is not in line with the compass magnets, and devia- 
tion occurs, being in the same direction as that of the blue pole from the compass, since 
the blue pole attracts the red northerly ends of the compass magnets and repels the blue 
southerly ends. The maximum effect occurs when the compass heading is approximately 
90° from that of zero deviation. In figure 719a the headings shown on the compass 
card are the magnetic headings of the vessel. Their offset from the lubber’s line shows 
the direction and relative magnitude of deviation. 

If there were no other magnetism in the vessel, the poles might easily be located 
and neutralized by placing a magnet in such a position that a ficld of permanent 
magnetism but opposite polarity would occur at. the compass. Although this method of 
adjustment has been used, it has not proven entirely satisfactory. 

The usual method is to adjust for the fore-and-aft (parameter P) and athwartship 
(parameter Q) components separately. These are shown in figure 719b. The vertical 
parameter 2 does not produce deviation while the vessel is on an even keel. Its effect 
when the vessel heels is discussed in article 724. Thus, the effect of a single blue pole at 
the positior. shown in figure 719a is the same as that which would be produced by two 
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Fraure 719a.—Deviation do permanent magnetism if the resultant field is that of a blue pole 
on the starboard quarter of the vessel. 


weaker poles as shown in figure 719b. On heading east or west by the compass, param- 
eter Q does not produce deviation directly. However, on easterly headings it does 
weaken the directive force due to the earth’s magnetic field and therefore the deviating 
force of parameter P (causing deviation coefficient B) is relatively stronger and has a 
greater devie ting effect. On a westerly heading the direct ve force woud be strength- 
ened, with a corresponding decrease in the B coefficien. ot Ueviat’on. By weakening the 
directive force on easterly headings, parameter @ also makes the cumpass sluggish on 
these headings. In higa lautudes, where the horizontal zompone.:t of the earth’s 
magnetic field is weak, the compass may lose its directivity utc zreater distance from 
the magnetic pole. Nearer the pole, it might point in the opposite direction. 

Many binnacles provide 9 group of several small tubes or “trays” extending in a 
fore-and-aft direction below the compass. One or more permanent magnets can be 
inserted in these trays, and the whole assembly moved up or down to vary the effect 
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Figure 719b.—The horizontal component of the 

permanent field of figure 719a resolved into its 

components, parameters P and Q. 
upon the compass. Figure 719c shows the situation if a single magnet is placed with 
its red end aft. The field at the compass is in the opposite direction of thet of param- 
eter P, and if it is of equal strength, the effect of this parameter is eliminated. 
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Figure 719¢.— The field of permanent magnet below the compass and opposing parameter P of 
figure 719b. 


If now the vessel is headed north or south by the compass, the only pole remaining 
is that due to parameter Q (causing deviation coefficient C), as shown in figure 719d. 
A set of trays in an athwartship direction below the compass permits insertion of one 
or more permanent magnets to neutralize the remaining permanent magnetism. The 
effect of ‘nserting a single magnet with red end to starboard is shown in figure 719e. |. 
With both components removed, the field at the compass is completely neutralized. 
Both the fore-and-aft (B) and athwartship (C) trays are in pairs with an equal : £5 
number of trays on each side of the vertical axis of the compass. In each set of trays 
it is generally aesirable to use an even number of magnets equally distributed on each ne 
side, to produce a symmetrical field at the compass. However, under some conditio1.s, : t 
maximum reduction of deviation occurs with an odd number of magnets, particularly : 
when two magnets at maximum distance from the compass overcorrect. If there is 
a choice, a greater number of magnets at a distance is preferable to a lesser number 
close to the compass. 

With each parameter, the trays to use are those which are approximately perpen~ 
dicular to the compass magne's. The magnets are placed so that the red ends will 
be on that side of the compass corresponding te the deviation. Thus, if deviation is 
easterly, the magnets should be placed so that the red ends will be east of the compass 
(forward if the heading is east, and to starboard if the heading is north). However, ba 

if the wrong end is inserted in the trays, the fact will be immediately apparent be- ~ *>- 
cause the compas card will rotate in the wrong direction. If the binnacle is not con- ~ 
structed to receive appropriate corrector magnets, these might be secured to some 

supporting surface near the compass. 
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During adjustment, the unused magnets should be kept far enough from the com- 
pass so that they will not affect it. 


PARAMETER Q 


wr 


STARBOARD 


ne: 


Figure 719e.—The field of a permanent magnet 
below the comp2ss aad opposing parameter Q 
Ficurs 719d.--The per- of figure 719b, 
manent field of figure 
7190) after neutraliza- 
tion of parameter P 


720. Adjustment for deviation due to induced magnetism in vertical soft iron.— 
Figure 720 shows the effect upon the compass of 2 single blue pole on the centerline 
of the vessel, aft of the compass. This is » typical situation for induced magnetism in 
vertical soft iron, for a centerline compass located in the forward part of a vessel in 
magnetic north latitude. On heading ncrth by compass there is no deviating force, 
but the directive force is weakened. In high northern latitudes, where this pole becomes 
strong and the directive force becomes weak, magnetism of this type, if not 
neutralized, can cause the compass io be unreliable in a much larger area than if the 
force is neutralized. On a heading of south by compass there is no deviaiion, but the 
directive force is strengthened. On headings with an easterly component the devia- 
tion is westerly, and on headings with a westerly component the deviation is easterly. 
In euch ease the maximum occurs when the vessel is on compass heading approximately 
east or west Thus, the deviation due to iaduced magnetism in vertical soft iron is 
semicirculai, coefficient B. In figure 720 the headings shown on the compass card arc 
the magnetic headings of the vessel. Their offset from the lubber’s line shows the 
direction and relative magnitude of deviation. 

The deviating force due to induced magnetism in vertical soft iron is neutralized 
by placing a bar of soft iron in a vertical position on the opposite side of the compazs 
from the effective pole due to the field of the vessel. This piece of metal is called a 
Flinders bar, after Captain Matthew Flinders, RN (1774-1814), an English navigator 
and exploier who is generally given credit for discovering both the effect and metnod 
of adjustment (art. 111). Today, most binnecles for large ships provide a tube fer 
insertion of a Flinders bar. The bar ecnsists of various lengths of soft iron placed end 
to end; with the remainder of the tube being filled with spacers of nonmagnetic mate- 
rial, usually wood, brass, or aluminum. The standard Flinders bar is two inches in 
diameter and is divided into six sections, one each of 12, 6, 3, and 1} inches, and two of 
% inch. This permits use of any multiple of }{ inch to 24 inches. All the iron pieces 
should be above the spacers iu the tube, without a gap between pieces, the largest piece 
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Figure 720.--Deviation due to induced magnetism in vertical soft iron if the resultant field is that 
of a blue pole on the center line aft. of the compass. 


being on top. The upper end is then about two inches above the level of the compass 





card. For short lengths, one or more spacers should be omitted so that about Mz of the — 


length of the bar is above the level of the compass card. 

The various pieces should be inserted in the tube carefully. If they are dropped, 
they may acquire some permanent magnetism. This reduces their effectiveness for 
the purpose intended. Each piece should be tested from time .o time to determine 
whether or not it has acquired permanent magnetism. This can be done by holding 
it vertical with one end east or west of the compass and very near the compass magnets, 
noting the reading of the compass, and then inverting the piece so that the ends are 
interchanged. If the reading differs, permanent magnetism has been acquired by the 
iron rod. The temporary change of reading while the rod is being inverted should be 
ignored. In making the test, one should be careful to place the rod in the same position 
relative to the compass before and after inversion. On an easterly or westerly heading 
the Flinders bar holder can be used. A small amount of permanent magnetism can be 
removed by holding the rod approximately parallel to the lines of force of the earth’s 
field, with the blue pole of the rod toward the north, and tapping one end of the rod 
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gently with a hammer. Severai alternate tests and treatments may be needed to make 
the rod magnetically neutral. If this process is not effective in removing the permanent 
magnetism, the rod should be heated to a dull red and allowed to cool slowly. 

An older type Flinders bar, rarely encountered with modern compasses, consists 
of a number of slender rods of equal length, the number of rods being varied rather 
than the length of a single rod. Another old system consists of using a single rod of 
fixed length, and varying its distance from the compass. 

721. Determination of Flinders bar length.—As indicated in articles 719 and 720, 
coefficient B magnetism may be introduced both by permanent magnetism of the vessel 
and by induced magnetism in asymmetrical vertical soft iron. A problem thus arises as 
to what part of the deviation on headings magnetic east and west is due to each cause. 
If the vessel remains on an even keel at about the same magnetic latitude, adjustment 
ean be made without this knowledge. However, satisfactory performance under all 
conditions requires separate adjustment for each cause. 

There are several possible solutions to this problem. ‘The two sources can be 
separated by use of the fact that a change of magnetic latitude affects them differently. 
On the magnetic equator there is no vertical component of the carth’s magnetic field, 
and consequently no induced magnetism in vertical soft iron. Therefore, if the compass 


is adjusted on the magnetic equator, all coefficient B deviation is due to permanent , 


magnetism, and is removed by the fore-and-aft magnets. After a considerable change 
of magnetic latitude, the deviation on a heading of magnetic cast or west is again 
measured. By means of the curves of figure 721, A, the required amount of standard 
two-inch Flinders bar is determined. Accurate results will be obtained only if the 
vessel is magnetically the same at both latitudes. That is, a structural change, an 
alteration in the number or position of magnets or other devices used in the adjustment, 
magnetic treatment, etc., invalidates the measurement. After the required amount 
of Flinders bar has been inserted, some deviation may be present due to mutual induc- 
tion among the various devices used for adjustment. This should be removed by means 
of the permanent magnets. Once the correct amount of Flinders bar has been installed, 
no change should be needed unless there is a substantial change in the amount or 
jocation of vertical soft iron, or unless the compass is relocated. 

This method is not always practical. If the correct length and location of Minders 
bar for another vessel of similar construction and compass location have been determined 
previously, the same length can be used for the compass being adjusted. If a large 
change in magnetic latitude can be made without appreciable change of deviation on 
headings east and west, the amount of Flinders bar is correct. If the deviation changes, 
readjustment is needed. Ry studying the structure of the vessel, an experienced com- 
pass adjuster may be able to make a reasonably accurate estimate of the length to use. 

In the absence of enough reliable information to perinit a reasonably accurate 
determination of the correct length, the Flinders bar may be omitted entirely, and the 
deviation on cast and west headings removed by means of the fore-and-aft permanent 
magnets. This is common practice for yachts, fishing vessels, and even for some coastul 
vessels which do not change magnetic Jatitude more than a few degrees. 

The correct length of Flinders bar can be determined by figure 721, B, if reliable 
data are available on the deviation occurring on magnetic cast or west headings at tivo 
widely separated magnetic latitudes. The constant K is determined by computation, 
using the formula 
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in which 
K=a constant proportional to the required length of Flinders bar. 
\=shielding factor, or the proportion of the earth’s field effective at the compass. 
Generally, it varies from about 0.7 to 1.0, averaging about 0.9 for compasses 
in exposed positions, and 0.8 for those surrounded by metal deck houses. 
H,=horizontal intensity of earth’s magnetic field at piace of first deviation reading. 
H,=horizontal intensity of earth’s magnetic field at place of second deviation 


reading. 

d,=total deviation on heading magnetic east or west at place of first deviation 
reading. 

d,=total deviation on heading magnetic east or west at place of second deviation 


reading. 
Z,=vertical intensity of earth’s magnetic field at place of first deviation reading. 
Z,=vertical intensity of earth’s magnetic field at place of second deviation reading. 
The unit of intensity is the oerstead. 
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Ficure 721.—Flinders bar curves: A, if. deviation due to ee m poe m in vertical soft iron is 
ken own: B, if coefficient K is kno 


The values of horizontal and vertical intensity (H and Z) can be obtained from ‘ 
charts 33 and 36, respectively, by dividing the values in gammas (art. 706) as shown on 
the charts by 100,000. ‘’*. 
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The constant K represents a mass of vertical soft iron (the c rod) causing deviation. 

* From the intersection of the curve of figure 721, B, and a horizontal line through the 
- value of constant K, draw a vertical line to the bottom seale, which shows the required 
- length of Flinders bar. 

If some length of Flinders bar was in place when the two deviation readings were 
made, enter the graph of peute 721, B, with this length and determine the corresponding 
value of K. Cali this K, and that obtined by computation K,. Algebraically add 
K, and K, to determine the value of K to use for finding the total length of Flinders 
bar required. If the Flinders bar is forwa of the compass, K, is negative (—), and 
if aft of the compass, K> is positive (+). L. che computation of K,, both Z, and Z, are 
positive in north magnetic latitude and negative in south magnetic latitude. Also, d, 
and dz ace positive if deviation is east on magnetic heading east in north latitude o1 
magnetic heading west in south latitude. If either the heading or direction of the 

® deviation is reversed, the sign of d, or dz is negative. If both are reversed, the sign is 
positive. If the value of K is negative, the Flinders bar should be installed forward of 
the compass, and if positive, it should be installed aft. 

Example.—The deviation of a magnetic compass of a ship on heading magnetic 


} 
east is 1°F in an area where I is 0.170 and Z is 0.539. It is 9°E in an area where H is i 
0.311 and Z is 0.260. The shielding factor is 0.8. | 
Required.—The correct. length of Flinders bar if (1) no Flinders bar is in place 
during observations, (2) six inches of Flinders bar is in place forward of the compass 
during observations. 
Solution.— 
: = 0.311 X0.15838—0.170 0.01746 * 
oe 0.260—0.539 3 
=(—) 0.133 g 
: = 
k=0 3 
K =K,+K,=(—) 0.133 j 
From figure 721, B, the correct amount of Flinders bar is 22 inches. Since the amount 3 
used must be a multiple of % inch, the amount to use is 21% inches. Since A is negative, j 3 
the bar should be installed forw ard of the compass. ' 3 






(2) From figure 721, B, the value of K, corresponding to six inches of Flinders bar 
is 0.009. The value is negative because the bar is forward of the compass. Therefore, 
K,+42= (—)0.133+ (—)0.009=(—)0.142. From figure 721, B, the total amount of 
Flinders bar required is 2. inches, which should be installed forward of the compass. 

Answers.—(1) 2134 inches of Flinders bar installed forward of the compass, (2) 24 
inches of Flinders bar installed forward of the compass. 
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When the length of Flinders bar is determined in this way, accurate results can be ¢. = 

expected only if the vessel is magnetically unchanged between deviation readings. : Bs 

Lord Kelvin suggested the following rule for improving the adjustment for co- x 

efficient B if no better method is available: a 

= Remove the deviation observed on magnetic east or west headings by means of fore-and- “= 
= 


aft B magnets when the vessel has arrived at places of weaker vertical magnetic field, and 
by means of Flinders bar when it has arrived at places of stronger vertical magnetic field, 
whether in the Northern or Southern Hemisphere. 

After a number of applications of this rule following alternate passage from weaker 
to stronger fields and then stronger to weaker fields, the amount of Flinders bar should 
be very nearly correct. 


7 
tee 





F a 


1 


om vicswonndtshaehuta buldbbnil 


\ 


cd 
io HE Ml be bd ith 





i, 
| 






























































































































































220 COMPass ERROR 


722. Adjustment for deviation due to induced magnetism in symmetrical hori- 
zontal soft iron—That part of horizontal soft iron which is symmetrically arranged ; 
with respect to the compass can be considered equivalent to two rods extending through 
the compass, one in a fore-and-aft direction (—a rod) and the other in an athwartship 
direction (—e rod). The deviation caused by both of these rods is quadrantal, but of 
opposite sign. If both rods were equally effective in causing deviation, they would 
cancel each other and no deviation would result on any heading. In most vessels, | 
however, the athwartships iron dominates, and deviation due to all horizontal soft iron 
can generally be considered to be that which would result from a single (—) e¢ rod. . 
In figure 7222 the deviation resulting from such a rod is shown for various magnetic 
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Fiaure 722a.—Deviation caused by induced magnetism in symmetrical horizontal soft iron. 


headings in any latitud>. There is no deviation on any cardinal heading, but the direc- 
tive force is weakened on heading magnetic east or west. The maximum deviation 
occurs on intercardinal headings by compass, being easterly in the northeast and soutn- 
west quadrants, and westerly in the other two quadrants. ‘This is coefficient D devia- 
tion. In figure 722a the headings shown on the compass card are the magnetic headings 
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_ of the vessel. Their offset from the lubber’s line shows the direction and relative magni- 
tude of deviation. 

The field causing this deviation is neutralized by installing two masses of soft iron 
abeam of the compass, on opposite sides and equidistant from its center. Such iron 
is usually in the form of hollow spheres or cylinders, called quadrantal correctors. 
‘These can be moved in or out in an athwartship direction along brackets on the sides of 
the binnacle. 

Quadrantal correctors act as (+-) ¢ parameters which neutralize the (—) e parameter 
of the athwartships iron. As shown in figure 722b, the portion of the corrector adjacent 


Ficure 722b.— Adjustment for symmetrical horizontal soft iron. 


to the compass is always of opposite polarity to the deflecting force. The amount of 
the correction can be adjusted by moving the correctors toward or away from the com- 
pass card. If the inboard limit of travel is reached without fully removing the devia- 
tion, larger correctors are needed. If overcorrection occurs at the outboard limit, smaller 
correctors are needed. A single corrector can be used, but this produces an unbalanced 
field which is less desirable than a balanced one. In general, large correctors at a greater 
distance are preferable to small correctors close up because there is less mutual induction 
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between the correctors if they are widely separated. In the rare case when quadrantal 
deviation is westerly on heading northeast (coefficient D is negative, the fore-and-aft | 
horizontal soft iron predominating), the quadrantal correctors should be mounted | 
fore-and-aft on the binnacle. i 

Figure 722c shows the approximate amount of deviation correction to be expected | 
from correctors of various sizes, shapes and distance from the center of a standard | 
U.S. Navy 7¥-inch compass. The data apply to either the athwartsbips or fore-and-, 
aft position. 































2° — : 
1° Note: These are approximate corrections of a standard compass. 
Oifferent needle arrays will alter the results somewhat, 
10° lv 12° 13" 14” 15° 
POSITION OF SPHERE CENTER— INCHES FROM CENTER 
OF COMPASS 


Quadrantal sphere corrections on Navy standard 
7%" compass. H=180 M.G. 


Figure 722¢c.—Effect of various quadrantal correctors. 


Like the Flinders bar ‘art. 720), the quadrantal correctors should be handled 
carefully, and checked from time te time to see if they have aequired permanent mag- 
netism. The test can be made by rotating each corrector ‘hrough 180° without altering 
its distance from the center. If the compass heading changes, the correctors have 
acquired permanent magnetism which can be removed by tapping with a hammer when 
the blue pole is toward the north, or by remeving the spheres, heating them to a dull 
red, and permitting them to cool slowly. 

723. Adjustment for deviation due to induced magnetism in asymmetrical hori- 
zontal soft iron.—If the horizontal soft iron is not arranged symmetrically with respect 
to the compass, resulting in an effective pole which is on neither the fore-and-aft nor 
athwartships axis through the compass, quadrantal deviation with its maximu.n values 
on cardinal headings (coefficient E) results. Constant deviation (coefficient A) may 
also be used by this arrangement. Either coefficient E or A is due to a combination of 
parameters. = 

For a centerline compass on a ship of conventional construction, any deviation due 
to induced magnetism in asymmetrical horizontal soft iron is small, and many installa- 
tions make no provision for neutralizing the effect. However, some binnacles are 
provided with a pair of E-links, which are bars that can be attached to the side brackets 

9 permit the quadrantal correctors to be slewed somewhat with respect to the compass. 
When this has been done, the horizontal axis through the correctors and the compass 4, 
makes an angle with the athwartship axis of the compass. “ 
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After a compass has been adjusted, any remaining constant deviation due to 
magnetic coefficient .A is likely to be very small. If such deviation exists, its cause is 
likely to be chiefly mechanical. If a compass is used primarily for determining the 
heading (as a steering compass), all constant deviation can be removed by realignment 
of the binnacle so us to rotate the lubber’s line by the required amount. However, if a 
compass is to be used for observing bearings or azimuths, only the mechanical A-error 
should be removed in this manner. This is because such readings are taken on the face 

of the card itself, and are therefore not affected by misalignment of the lubber’s line. 
The two components of constant deviation can be separated in the following manner: 
Measure the deviation on various headings by means of bearings or azimuths (art. 1430). 
This includes only magnetic coefficient A. Then measure the deviation on various 
headings by means of the lubber’s line, comparing the heading by compass with the 
magnetic heading determined by pelorus or gyrocompass. This includes the combined 
effect of magneti¢ and mechanical coefficient «1 deviation. The difference between the 
two values is the mechanical coefficient .1. For a properly adjusted compass the magnetic 
coefficient i deviation is so small that provision is not made for its removal. 

724. Heeling error.—All of the effects discussed previously refer to a vessel on an 
even keel. When the vessel heels, conditions are altered. Deviation which now appears 
or the change of deviation from that when the vessel was on an even keel, is called 
heeling error. For a constant angle of heel and a steady heading, this error remains 

-essentially unchanged. However, it tends to increase as the heel becomes greater, and 

. : to reverse sign as the heel changes from one side to another. Therefore, if a vessel is 

. rolling or pitching, the compass tends to oscillate. This increases the difficulty of 
reading the compass. 

; The cause of heeling error is the displacement of the permanent and induced 

magnetic fields with respect to the compass. Figure 724 shows a vessel heeled to star- 
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Ficure 724.—Effect of heel. 





board on heading magnetic north or south, in north magnetic latitude. The vessel was 
constructed in north magnetic latitude. On an even keel the vertical parameter ? 
of permanent magnetism for a centrally located compass is directly below the compass, 
with the blue pole nearer the compass. When the vessel is heeled as shown at A, the 

- blue pole is to port of the compass, causing deviation toward that side. A vertical rod 
of soft iron below the compass (parameter &) exerts a similar influence, as shown at B. 
An athwartship horizon‘al red through the compass has no deviating effect while the 
vessel is on an even keel, but when it heels as shown in figure 724, the vertical com- 
ponent of the earth’s field causes the port end to acquire a blue pole and the starboard 

. end a xed pole (parameter e), as shown at C. Each of the three causes shown in figure 724 . 
results in a blue pole being established on the port or high side of the vesse!. This causes 
the red north ends of the compass magnets to be attracted to this side. If the heading 
is magnetic north, the deviation is westerly, and if magnetic south, it is easterly. This 
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224 COMPASS ERROR 





effect is offset somewhat by the changed magnetic field surrounding the quadrantal 
correctors. On heading magnetic east or west, these components have no deviating j 
effect, but the directive force of the compass is strengthened or weakened. When the 
vessel pitches, the effects described for north-south and east-west. headings are reversed. | 
On a iieading other than a cardinal direction (magnetic) the effect is some combination i 
of the two. The magnetic situation varies not only with the heading, but also with the | 
magnetic latitude and the magnetic history of the vessel. 
Although heeling error is due in part to permanent magnetism and in part to 
induced magnetism, the induced magnetism generally exerts the greater influence. The 
most effective method of neutralizing this effect would be to attack each parameter 
separately. This would require the placement of soft iron above the compass. Since this 
would not be a convenient arrangement, the condition is improved by placing a vertical 
permanent magnet, called 2 heeling magnet, centrally below the compass, and adjusting 
its height until the error is minimized. In north magnetic latitude, the red end is placed 
uppermost in most installations. As the vessel proceeds to lower magnetic latitudes, 
parameter 2 becomes less effective in producing deviation because of the stronger 
directive force due to the horizontal component of the earth’s magnetic field. Param- 
eters k and e become weaker because of decreased intensity of the vertical component 
of the earth’s field, and the strengthening of the horizontal component. also reduces , 
their effect. Therefore, the heeling magnet requires readjustment as the magnetic | 
latitude changes, As the vessel approaches the magnetic equator, the heeling magne 
should be lowered. After the vessel crosses the magnetic equator, it may be necessary 
to invert the hecling magnets, so that. the opposite end is uppermost. A change in the 
setting of the heeling magnet may introduce deviation on headings of compass east or 
west because of altered induction between the heeling magnet and the Flinders bar. 
This should be removed by means of the fore-and-aft (B) magnets in the trays below 
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it is best done by listing the vessel on a northerly or southerly heading, and adjusting 
the heeling magnet until the reading of the compass is restored to what it was before 
the vessel heeled. If the adjustment. is made at sea, the vessel should be placed on a 
heading of compass north or south. If there is little rolling, the vessel can be listed 
and the compass reading restored, as at dockside. If the vessel rolls moderately on ; 
this heading, the heeling magnet should be placed at that height at which oscillation 
of the compass card is minimum. If the setting for minimum oscillation is different 
on north and south headings, the mean position should be used. Any yawing of the 
vessel should be considered when reading the compass under rolling cenditions. 

The approximate position of the hecling magnet can he determined by means of 
an instrument known as a heeling adjuster or a vertical fo-ce instrument, a form of dip 
needie. This consists of a smell magnet balanced aboni a horizontal axis by meens ! 
of a small adjustable weight. A scaie indicates the distance of the weight from the : é 
axis. ‘The instrument is taken ashore and balanced at a place where the earth’s field = 
is undisturbed, the magnet being in a magnetic north-scuth direction, approximately. ; 3 
The instrument is then taken aboard ship, the compass removed from its binnacle, 
and the heeling adjuster installed in its place. The weight is set to a distance equal 
to the distance determined ashore, multiplied by \, the shielding factor (art. 721). , 
The heeling magnet is then moved up or down until the magnet of the instrument is 
level. This should be approximately the correct setting. This method is used principally 
when the listing of a vessel is difficult or impractical. 


the compass. : 
If adjustment for heeling error is made when the vessel is tied up or at anchor, | ~~~ 
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| 
i 
725. Soft iron correctors and nearby magnets.—The soft irun correctors used in | 
compass adjustment are near enough to the compass magnets and the magnets used in 
compass adjustment to be influenced by them. 
The Flinders bar acquires a certain amount of induced magnetism from the fields | 
of the heeling magnet and the fore-and-aft (B) corrector magnets. The approximate 
amount of deviation caused by induced magnetism from the heeling magnet of a 7}- 
inch compass when H=0.165 is shown in figure 725. Because of such induced mag- 
| 
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Ficvne 725.-—Deviation due to inductive effect of heeling magnet on Flinders bar. 


netism, the “drop-in” method of determining the amount of Flinders bar is not accurate’ 
By this method, Flinders bar lengths are added until the compass reading changes by the 
required amount. Better adjustment is achieved by using the required amount of Flin- 
ders bar and removing any remaining deviation on east-west headings by means of the 
fore-and-aft magnets. The principal reason that it is preferable to use a larger number of 
megnets at a distance from the compass than a smaller number near it, is that the former 
arrangement produces less induced magnetism in the Flinders bar and quadrantal correc- 
tors. If the Flinders bar Jength is changed, the deviation on headings of magnetic east 
and west should be checked. and any needed adjustment made by means of fore-and-aft 
magnets. When all correctors have been put in place, their positions relative to each 

,other are constant. Therefore, the Flinders bar acts as a permanent magnet, and the 
resulting deviation is semicircular (coefficient B). The Flinders bar may also intro- 
duce 2 small amount of quadrantal deviation (coefficient D), its action being somewhat 
like that of u quadrantal corrector placed in the fore-and-aft axis of the compuss. 

The quadrantal correctors acquire induced magnetism from the fields of the fore- 
and-aft (3) magnets, the athwartship (C) magnets, and the compass magnets. The 
magnetism acquired from the B and C magnets is semicircular (coefficient B from the 
B megnets, and coefficient C from the C magnets), and that acquired from the field of 
the compsss magnets is quadrantal (coefficient D). The semicircular deviation is 
minimized by keeping the B and C magnets as far away from the quadrantal correctors 
as practicable, and any deviation that does exist is removed by means of these magnets. 
The quadrantal deviation is removed by means of the quadrantal correctors themselves. 
The compass magnets of most modern compasses have little effect upon the quadrantal 
correctors. 
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COMPASS ERROR 


Because of the interaction between the various correctors, it is good practice to 
insert the required amount of Flinders bar, and to install the quadrantal correctors 
and heeling magnet at their approximate positions before adjusting the compass. If, 
a radical change is subsequently made in any of these adjustments, the settings of the 
B and C magnets should be checked and altered if necessary. 


Analysis of Deviation 


726. Nature and purpose of analysis—aAn analysis consists -£ determining the 
approximate value of each of the six coefficients, and studying the results. The purpose 
of the analysis is to give the compass adjuster an understanding of the magnetic prop- ~ 
erties of the vessel. This provides the basis for the approximate placement of the 
various correctors, and suggests possibilities for further refinement in the adjustment. 
Without an analy-is, compass adjustment is a more-or-less mechanical process. Fewer 
mistakes are likely to be made by the person who understands the nature of the magnetic 
field he seeks to neutralize. 

727. The analysis.—The first step in an analysis is to record the deviation on each 
cardinal and intercardinal heading by the compass to be analyzed. For the purpose of 
analysis, easterly deviation is considered positive (+), and westerly deviation negative 
(—). Approximate values of the various coefficients are: ; 

Coefficient A—mean of deviation on all headings. j 

Coefficient B—mean of deviation on headings 090° and 270°, with sign at 270°} 
reversed. i 

Coefficient C—mean of deviation on headings 009° and 180°, with sign at 180° | 
reversed. i 

Coefficient D—mean of deviation on intercardinal headings, with signs at headings 
135° and 325° reversed. 

Coefficient -—mean of deviation on cardinal headings, with signs at 090° and 270° 
reversed. 

Coefficient J—change of deviation for a heel of 1° while the vessel heads 000° by 
compass. It is considered positice if the north end of the ewmpass card is drawn toward 
the low side, and negative if toward the high side. 

Ezample-—aA magnetic compass which has noz been adjusted has deviaticn z 
cardinal and intercardinal compass headings as fellows: | 

Compass heading Deviation © mpass heading Deviation i 
000° 1°95W 180° 8°0E ! 
045° 34°0E 225° 125W 
090° 31°0E 270° 29°07: 
135° 13°5E 315° 36°0W : 
On heading compass north the deviation is 13°5W when the vesse! heels 10° to star- 
board. 
Required.—The approximate value of each coefficient. 


Solution.— 
yur 1°95+-34°04-31°0+ 13°5+S8°0— 125—29°0—36°0 
re § 


=(+)2°3 


3 o 
Bn 5120F29°0 _ (43020 


—1°5—$°0 
C= =(—-)4°8 
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34°0—13°5—1°5-+-36°0 
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Answers.—A (+) 223, B (+) 30°0, C (—) 4°98, D (+-) 18°8, H (+) 191, J (—) 192. 
On any compass heading (CH) the deviation (d) from each coefficient acting 
alone is: 
Coefficieat A: da=A 
Coefficient B: ds=B sin CH 
Coefficient C: dc=C cos CH 
Coefficient D: dp>=D sin 2CH 
Coefficieat H: dg=E cos 2CH 
Coefficient J: ds=J cos CH. 
For a vessel on an even keel, the total deviation on any compass heading is the algebraic 
sum of the deviation due to each of the first five coefficients: 
d=da-+ds+de-+dp+de=A+B sin CH+C cos CH+D sin 2CH+E cos 2CH. 
For the compass of the example given above, the deviation due to each component, 
and the total, on various headings is: 
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| 
A B | Cc | D E d 5 
° ° ° | ° o ° a 
+2.3 0.0 | —48 0.0 | +1.1 —1.4 7 
+2.3 +7.8 | —4.6 +69 | +10 | +134 
+23 | +150 | -42 | +120 | +06 | 425.7 a 
$2.3 | +212 | -3.4 | +138 0.0 | +33.9 i 
+23 | +260 | —-24 | +120 | —06 | +373 
+23 | +290 | —12 +69 | —10 | +360 
+23 | +300 ao! oo | —11 | $31.2 A 
42.3 | 4290 | +12 -6.9 | —10 | +246 i 
+2.3 | 4260 | +24 | -120 | -06 | +181 : 
42.3 | +212 | +34 | —13.8 0.0 | +131 3 
+2.3 | 4150 | 442 | -1206 | +406 | 410.1 Z 
+2.3 +48 | +46 -—6.9 | +10 +8.8 4 
+2.3 0.0 | +48 0.0 | +14 +8, 2 
+2.3 —7.8 | +46 +69 | +1.0 +7.0 
+23 | -15.0 | 442 | +120 | +06 +4.1 
42.3 | ~21. | 43.4 | +138 0.0 —1.7 
+23 | -960 | +24 | +120 | —0.6 —9.9 
+2.3 | -29.0 | +12 +69 | —10 | —19.6 
+23 | -30.0 0.0 00 | -L1 | —288 
+23 | -29.0 | —12 —69 | -10 | 15.8 
+23 | ~—260 | -24 | —120 | ~06 | —38.7 
42.3 | -21.2 | ~3.4 | —13.8 00 | —36.1 | 
+2.3 | ~150 | -42 | -120 | +06 | —28.3 
+2.3 —7.8 | -46 —6.9 | +10 | —16.0 





The various components and the total deviation are shown in graphical form 
in figure 727. Since the various coefficients are only approximated by the method 
given above, the curve of total deviation found in this way should not be expected to 
ene exactly with a curve drawn from values found by measurement on the various 

eadings. 
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The shapes of the curves of figure 727 are typical of those of an unadjusted compass 
of a large steel ship. However, an analysis of the results indicates the following: 


COMPASS HEADINGS 


270° 315° 360° 


= 
2 
E 
= 
> 
ty 
oa 


Figure 727.—Coefficients and total deviation of an unadjusted magnetic compass. 


Coefficient A is normally negligible. The presence of more than 2° of constant 
error indicates an abnormal condition which should be discovered and corrected. If 
the vessel has been in service for some time without major structural change, and no 
misalignment of the lubber’s line of the compass or the pelorus or gyrocompass used | 
for .easuring deviation has been noted previously, ‘t is probable that a mistake has 
been made in determining the azimuth or bearing used for establishing deviation. 

Coefficient E is normally negligible for a compass located on the centerline of the 
vessel. This vessel has an excessive amount, which should be corrected by slewing the 
quadrantal correctors, using an E-link. 

Since deviation is east on heading 090° and west on 000°, it is probable that the | 
blue pole of the vessel’s permanent field is on the port bow. | 

The compass being unadjusted, no Flinders bar is in place, and the large B de- - 
viation on heading 090° is 2 combination of deviation from induced magnetism in 
vertical soft iron and that due to the permanent magnetism of the vessel. Since the 4, 
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‘deviation on heading 270° is nearly the same as that on 090°, but of opposite sign, ad- 
justment on one of these headings should result in nearly correct adjustment on the 
other. Since some B and C deviation occurs on intercardinal headings, while no D 
deviation occurs on cardinal headings, adjustment for B and C should be made before 
that for final D edjustment. 

A second analysis made after adjustment may reveal possibilities for further 
refinement in the adjustment. 

If heeling error is measured on any heading other than compass north or south, 
the value of coefficient J can be found by means of the formula: 


d=Jd cos CH 
converted to Pikes 
cos CH 

or J=d see CH. 


If HE is the total observed change of deviation (heeiing error), and 7 is the angle of 
heel in degrees (for relatively small angles), the formula becomes 


J= HE seo CH 


: If heeling error is sought, the formula becomes 


HE=Ji cos CH. 
Adjustment Procedure 


728. Preliminary steps.—Efficient anu accurate adjustment is preceded by cer- 
tain preliminary steps best made while a vessel is moored or at anchor. 

Yhe magnetic environment of the compass should be carefully inspected. Stray 
magnetic influences such as those caused by tools, direct current electric appliances, 
personal equipment (such as keys, pocketknives, or steel belt buckles), nylon clothing 
etc., should be eliminated. Permanently installed equipment of magnetic material 
(such as cargo booms, boat davits, cranes, or guns) should be placed in the positions 
they normally occupy at sea. The degaussing coils sho:ld be secured by the reversing 
process (art. 743) if this has not already been done. 

The compass itself should be checked carefully for bubbles, and to be sure it is 
centered on the vertical axis of the binnacle. If it is, and the vessel is on an even keel, 
there is no change of reading as the heeling magnet is :aised and lowered in its tube. 
An adjustment should be made to the gimbal rings if the compass is off center. There 
should be no play in the position of the compass once it is centered. 

The lubber’s line, too, should be checked to be sure it is in line with the longitudinal 
axis of the vessel. This can be done by sighting on the jackstaff if the compass is on the 
centerline. If it is not, a batten might be erected at a distance from the centerline 
equal to the distance from the center of the compass to the centerline. Another way is 
to determine the distance from the compass to the centerline and from this point to 
the jackstaff. The first distance divided Uy the second is the natural tangent of the 
angle at the compass between the line of sight to the jackstaff and the line of sight 
through the lubber’s line. If the compass is in an exposed position where bearings can 
be taken, and the true heading is “snown, the observed relative bearing of a distant 
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230 COMPASS ERROR i 
object can be compared with that obtained by careful measurement on the chart. if 

the vessel is at anchor or underwav, the method explained i in article 723 can be used. ‘| 

If a pelorus or gyrocompass or repeater is to be used in determining deviation of 
the compass, its lubber’s line should be checked in the same manner, or by comparing 
a relative bearing of a distant object taken by two instruments, the lubber’s line ofj 
one having previously been checked. If a gyrocompass is to be used, it is checked to} 
see that it is synchronized with a repeater. With accurate synchronization, any error! 
in one will also be present in the other. The speed and latitude adjustments of the} 
gyrocompass should be checked carefully. 

All devices to be used in the adjustment should be checked to see that they are on’ 
band and in good condition. The trays for B and C permanent magnets, the quadrantal’ 
correctors, and heeling magnet should be checked for freedom of motion. The Flinders.- 
bar and quadrantal correctors should be checked for permanent magnetism. The correct, 
amount of Flinders bar should be placed in its tube. The quadrantal correctors should 
be placed in their approximate positions, being centered if no better information is: 
available. The heeling magnet is generally placed with the red end uppermost in 
north magnetic latitude, and the blue end uppermost in south magnetic latitude. : 
If no better information is available, the heeling magnet should be placed near the) : 
bottom of the tube. 

Plans for the actual adjustment should be made carefully. A suitable time andi 
location should be selected. If landmarks are to be used, suitable ones should be se- 

, lected to provide the information desired. Areas of heavy traffic should be avoided. 
If azimuths of the sun are to be used, a time should be selected when the sun will not 
be too high in the sky for suitable observation. A curve of magnetic azimuths (art. 
731) should be made, and just before adjustment begins a comparing watch should be 
checked and set, if possible, to correct time. Local variation should be checked care- 
fuily, and corrected for date, if necessary. Any necessary recording and work forms 
should be made up. Each person to participate in the adjustment should be instructea 
regarding the general plan and his specific duties. 

729. Underway procedure.—When everything is in order and the vessel has ar- 
rived at its adjusting area, final adjustment can begin. Trim should be normal, and 
the vessel free from list, so that no heeling error is present. 

All adjustment headings should be magnetic. Compass headings can be used, 
but this results in a slight turn being required every time an adjustment is altered. 
Also, the coefficients are not completely separated unless the vessel is on magnetic] 
headings. 

Turns to each new heading should be made slowly, swinging slightly beyond the! 
desired heading before steadying on it. If steering is by gyro, the gyro error should| 
be checked on each heading if time and facilities permit. The ves:el should remain| 
on each heading for at least two minutes before the deviation is determined or an, 
adjustment made, to permit the compass card to come to rest and the magnetic condi-' 
tion of the vessel to become settled. If observations are made before the vessel’s mag- 
netism becomes settled, the reading will be incorrect by an amount called the Gaussin 
error. 

Adjustments should be carried out in the correct order, as follows: 

1. Steady on magnetic heading 090° (or 270°) «nd adjust the fore-and-aft perma- 
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A, nent magnets uutil the compass heading coinciaes with the magnetic heading, thus; = 
removing all coefficient B on this heading. Use magnets in peirs, from the bottom up, i 
with the trays at the lowest point of travel. When overcorrection occurs, remove the i 
Be two highest magnets and raise the trays until all deviation has been removed. If twom. : 


magnets overcorrect, use a single magnet. It is not necessary to determine in ad- =. 
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vance which direction the red ends should occupy, for a mistake will be immediately 
apparent by av increase in the deviation. 

2. Steady on magnetic heading 180° (or 000°) and adjust the athwartship perma- 
nent magnets until the compass heading coincides with the magnetic heading, thus 
removing all coefficient Con this heading. Use the same technique as in step 1. 

3. Steady on magnetic heading 270° (090° if 270° was used in step 1) and remove 
half the deviaticn with the fore-and-aft magnets. 

4, Steady on magnetic heading 000° (180° if 000° was used in step 2) and remove 
half the deviation with the athwartship magnets. 

5. Steady on any intercardinai magnetic heading and adjust the position of the 
quadrantal correctors until the compass heading coincides with the magnetic heading, 
thus removing all coefficient D on this heading. Leave the quadrantal correctors at 
equal distances from the compass. 

6. Steady on either intercardinal magnetic heading 90° from that used in step 5 
and remove half the deviation by adjusting the positions of the quadrantal correctors, 
leaving them at equal distances from the compass. 

7. Secure all correctors in their final positions and record their number, size, posi- 
tions, and orientation, as appropriate, on the bottom of the deviation table form (if a 
standard form such as that shown in fig. 710 is used). 

8. Swing ship for residual deviation. That is, determine the remaining deviation 
. on a number of headings at approximately equal intervals. Every 15° is preferable, 
but if the maximum deviation is small, every 45° (cardinal and intercardina! headings) 
may suffice. 

9. If the vessel has degaussing, energize the degaussing coils and repeat the 
swing. 

10. Make a deviation table (art. 710) for each condition (degaussing off and on), 
giving values for headings at 15° intervals if the maximum deviation is large (more than 
about 2°), or at 45° intervals if the maximum deviation is small. Record values to the 
nearest half degree. 

If preferred, the adjustment may be started on a north or south heading, thus 
reversing steps 1 and 2 and also 3 and 4. 

With patience and skill, the readings can be made at exact headings. However, 
if some of the headings are off slightly during the swing, this need not invalidate the 
results. The exact headings should be recorded, and the deviation determined for 
these values. The results can then be plotted on cross-section paper with the deviation 
being one coordinate and the heading the other. The deviation at each heading to be 
recorded can then be read from the curve. This is good practice even when readings 
are made at exact headings, for if any large errors have been made, the fect will be 
immediately apparent. Also, such a curve may be of assistance in maxing an analysis. 
If a reason cannot be found for any marked irregularity in the curve, readings might be 
made again at ihe headings involved. 

The deviation of all compasses aboard the vessel can be determined from a single 
swing if the heading by each compass is recorded at the moment the magnetic direction 
is noted. If deviation of one compass is determined by means of a magnetic bearing or 
azimuth (arts. 733-735), the readings of this compass can then be used to establish the 
magnetic headings for devermining the deviation of each other compess (art. 732). 

Compass adjuslinent is best made when the sea is relatively smooth, so that steady 
headings can be steered, and heeling error is absent. The setting of the heeling magnet 
can be checked later, preferably at the next time that the vessel is on a north or south 
heading and rolling moderately. 
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An analysis of deviation can be made either before or after adjustment. If this| 
reveals an excessive amount of A (constant) deviation, the source of the error should | 
be found and corrected (art. 723), if mechanical or mathematical. If an appreciable | 
amount of E deviation is present, E-links should be used and the spheres slewed. This; 
is particularly to be anticipated for compasses which ra not on the centerline. 

The procedure outlined above is for initial adjustment aboard a new or radically ' 
modified vessel. Deviation on the heading being used for navigation should be checked 
from time to time and any important differences from the values shown on the deviation 
table should be investigated. At sea, it is good practice to compare the magnetic and 
gyrocompasses at intervals not exceeding half an hour. The error of one or both of these 
compasses should be checked twice a day when means are available. In pilot waters 
deviation checks should be made as convenient opportunities present themselves. 

Whenever there is reason to question the accuracy of the deviation table, the ship 
should be swung at the first opportunity and a new table made up if there are significant 
changes in the old one. Suitable occasions for swinging ship would be after a deviation 
check indicates a significant error or after any event that might result in changes in the 
magnetic field of the vessel (art. 712). Intervals of swing should not exceed three 
months even when there is no reason to question the accuracy of the deviation table. 

If a swing indicates the presence of large maximum deviation, the compass should | 
be readjusted. Unless there is reason to change it, the Flinders bar length should remain | 
the same. Other adjustments are altered as needed, none of the correctors being re- 
moved at the beginning of adjustment. Whenever the vessel crosses the magnetic 
equator, the opportunity should be used to check the deviation on magnetic headings 
east and west. Any adjustment needed should be made by means of the fore-and-aft 
(B) magnets. Upon crossing the magnetic equator, the heeling magnet should be 
inverted. 

The Flinders bar and quadrantal correctors should be checked for permanent 
magnetism at intervals of about a year, or more often if such magnetism is suspected. 


Finding the Deviation 


730. Placing a vessel on a desired magnetic heading.—As indicated in article 729 
compass adjustment is best made with the vessel on magnetic headings. The compass 
being adjuste? cannot be used for placing the vessel on desired magnetic heading 
because its deviation is unknown, and is subject to change during the process of adiust- 
ment. A number of methods are available, including use of (1) another magnetic ° 
compass of known deviation, (2) a gyrocompass, (3) bearing of a distant object, and . 
(4) azimuth (art. 1430) of a celestial body. 

Magnetic compass. The deviation at the desired magnetic heading is determined 
from the deviation table for that compass, and applied to the magnetic heading to . 
determine the equivalent compass heading. 


Example 1.—It is desired to place a vessel on magnetic heading east, using the i 


standard compass. The deviatior, table for this compass is shown in figure 710. Degaussing 
is off. 
Required.—Heading per standard compass (psc). 


Solution.—From figure 710 the deviation on heading 080° magnetic with degaussing , 


off is found to be 2°5E. Therefore, the equivalent compass heading is 090°—2°5= 
087°5. 

Answer.—H),,, 087°5. 

Gyrocompass. The variction is applied .o the desired magnetic heading, to deter- 
mine the equivalent true heading. Any gyro error is then applied to determine the 





























* 














He 
ne 


{ 


rm 



























+ pt 










































































































































































COMPASS ERROR 233 


equivalent gyro heading. This is the method commonly used by vessels equipped with 
a reliable gyrocompass. 

Example 2.—It is desired to place a vessel on magnetic heading north. using the 
gyrocompass. The variation in this area is 6°W, and the gyro error is 1°E. 

Required.—Heading per gyrocompass (pgc). 

Solution.—The equivalent true heading is 000°—6°=354°. The gyro heading is 
354°—1°=353°. 

Answer.—Hp,- 353°. 

Bearing of distant object. If a vessel remains within a small area during compass 
adjustment, the bearing of a distant object is essentially constant. The required 
distance of the object in miles is found by multiplying the cotangent of the maximum 
tolerable error by the radius in miles of the maneuvering circle. Thus, if the maximum 
error that can be tolerated is 0°5 (cotangent 114.6), and the vessel can be maneuvered 
within 200 yards (0.1 mile) of a fixed position such as a buoy, the object selected should 
be at least 114.60.1=11.5 miles away. The 200-yard limit is within radial lines 
centered at the distant object and tangent to a circle having a radius of 200 yards and 
its center at the center of the maneuvering area. Thus, a vessel has considerable 
maneuvering space along the line of sight, but very limited room across this line. How- 
ever, it is not necessary that the vessel stay within the required area, but only that it 


- be there when readings are made. Thus, if the center of the area is marked by a buoy, 
- the vessel might steady on each heading while still some distance away, and note the 


required readings as the buoy is passed. In this way, a small radius may be practical 


even for a large vessel. 
The object selected should be conspicuous and should have a clearly defined 


. feature of smali visible width upon which to observe bearings. The object having been 


selected, its true bearing from the center of the maneuvering area should be measured 
on the chart. To this, the variation at the center of the maneuvering area should be applied 
to determine the equivalent magnetic bearing. The desired magnetic heading should 
be set at the lubber’s line of the pelorus, and the far vane set at the magnetic bearing 
of the distant object. The vessel should then be maneuvered until the object is in line 
with the vanes. 

Example 3—It is desired to place a vessel on magnetic heading northeast in an 
area where the variation is 4°E. The true bearing of a distant object is 219°. 

Required.—The setting of the pelorus. 

Solution.—Set 045° at the lubber’s line, and set the far vane at 219°—4°=215°. 

If preferred, 000° can be set at the lubber’s line, and the far vane at the relative 
bearing, 170° (magnetic bearing minus desired magnetic heading). If a gyro repeater cr 
& Magnetic compass is used instead of a pelcrus, the true (or magnetic) bearing should 
be converted to the equivalent gyro (or compass) bearing. 

If the distant object selected is not charted, or the position of the vessel is not 
known accurately, the epproximate magnetic bearing of the cbject can be determined 
by measuring its compass bearing on each cardinal and intercardinal compass heading, 
and finding the mean of these readings. The value so determined will be incorrect by 
the amount of any constant deviation (coefficient A). 

Example 4.—The compass bearings of a distant object are as shown below. 

Required—The magnetic bearing of the object, assuming no constant deviation 
(coefficient 4). 
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234 COMPASS ERROR | 
Solution.— 
CH CB 
000 324.8 
045 320. 7 
090 312.6 
135 306. 8 i 
180 304.9 { 
225 310. 8 
270 316.2 
315 320. 0 
sum 2516. 8 
mean 314.6 


Answer.—MB 314°6. 

Azimuth of celestial body. The true azimuth of the celestial body selected should 
be computed (art. 719, vol. II) ">* the time of observation. The magnetic variation 
should then he applied to determine the equivalent magnetic azimuth. The desired 
magnetic heading should then be set at the lubber’s line of the pelorus, and the far 
vane set at ihe magnetic azimuth of the celestial body. The vessel shouid then be 
maneuvered until the body is in line with the vanes. 

Example 5.—It is desired to place a vessel on magnetic heading west in an area 
where the variation is 17°W, and at a time when the computed true azimuth of the 
sun is 098°. 

Required.—The setting of the pelorus. 

Solution.—Set 270° at the lubber’s line, and set the far vane at 098°+17°=115° 

If preferred, 000° can be set at the lubber’s line, and the far vane at the relative 
azimuth (magnetic azimuth minus desired magnetic heading). If a gyro repeater or 
a magnetic compass is used instead of a pelorus, the true (or magnetic) azimuth should 
be converted to the equivalent gyro (or compass) azimuth. 

731. Curve of magnetic azimuths.—During the course of compass adjustment 
and swinging ship, a magnetic direction is needed many times, either to place the 
vessel on desired magnetic headings or to determine the deviation of the compass 
being adjusted. If a celestial body is used to provide the magnetic reference, the 
azimuth is continually changing as the earth rotates on its axis. Frequent and numerous 
computations can be avoided by preparing, in advance, a table or curve of magnetic 
azimuths. True azimuths at frequent intervals are computed. The variation at the center 
of the maneuvering area is then applied to determine the equivalent magnetic azimuths’ 
These are plotted on cross-section paper, with time as the other argument, using any 
convenient scale. A curv. .s then faired though the points. 

Points at intervals of half an hour (with a minimum of three) are usually sufficient 
unless the body is near the celestial meridian and relatively high in the sky, when 
additional points are needed. If the body crosses the celestial mer:dian, the direction 
of curvature of the line reverses. 


Unless extreme accuracy is required, the Greenwich hour angle and declination 


can be determined for the approximate midtime, the same value of declination used | 


for all computations, and the Greenwich hour angle considered to increase 15° per hour. 
An illustration of a curve of magnetic azimuths of tho sun is shown in figura 731. 


This curve is for the period 0700-0900 zone time on May 31, 1975, at latitude 23°09‘5N, he. 


longitude 82°24'1W. The variation in this area is 2°47’E. At the midtime, the meridian 
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angle of the sun is 66°47/2E, and the declination is 21°52'3N. Azimuths were computed 
by Pub. No. 260 (art. 719, vol. II) at half-hour intervals, as follows: 


Magnetic 

Zone time Meridian angle Declination Latitude azimuth 
° , b m ° ° ° , 

0700 81 47.1E(5 27.1E) 21.9N 23.2N 069 39 
0730 74 17.1E(4 §7.1E) 21.9N 23.2N 071 57 
0800 66 47.2E(4 27.1E) 21.9N 23.2N 074 06 
0830 59 17.2E(3 57.1E) 21.9N 23.2N 076 08 
0900 51 47.2E(3 27.1E) 21.9N 23.2N 078 07 


This curve was constructed on the assumption that the vessel would remain in 
approximately the same location during the period of adjustment and swing. If the 
position changes materially, this should be considered in the computation. 

732. Deviation by magnetic headings.—If the vessel is placed on a magnetic 
heading by any of the methods of article 730, compass deviation on that heading is the 
difference between the magnetic heading and the compass heading. If the compass 
heading is less than the magnetic heading, deviation is easterly, if the compass heading 
is greater than the magnetic heading, deviaticn is westerly. 


Lenin ike MMPI oF 


Ezample.—A vessel is being maneuvered tv determine the deviation of the magnetic ; 


steering compass on cardinal and intercardinal headings. The gyrocompass, which ! 


has an error of 0°5V, is used for placing the vessel on each of the magnetic headings. 
Variation ‘n the ares is 27°5E. 


Required—Deviation on each magnetic heading, using the compass headings 
given below: 
Solution.— 


MH i TH GE Hpge CH Deo. 
000 27.5E 027.5 0.5W 028 000.3 0.3W 
045 27.5E 072.5 0.5W 073 046.1 1L1iW 
090 27.5E 117.5 0.5W 118 093.6 3.6W 
135 27.5E 162.5 0.5W 163 136.7 1.7W 
180 27.5F 207.5 0.5W 208 179.6 0.4E 
225 27.58 252.5 0.5W 253 223.8 1.2E 
270 27.55 297.5 0.5W 298 266.5 3.5E 
315 27.55 342.5 0.5W 343 313.2 1.8E 


733. Deviation by magnetic bearing or azimuth—Deviation can be found by 
comparing a magnetic bearing or azimuth with one measured by compass. The mag- 
netic direction can be obtained as explained in articles 730-731. If the compass direction 
is less than the magnetic direction, deviation is easterly; if the compess direction is 
greater than the magnetic direction, deviation is westerly. This method is used for 
determining deviation on a given compass heading. The equivalent magnetic heading 
can be determined by applying the deviation thus determined. If this method is used 
for swinging ship, the values can be plotted as explained in article 729. For a woll- 
adjusted compass, the deviation may be so small that the compass headings can be 
considered magnetic headings, without introducing significant errors. 

Example-—The standard compass of a vessel has been adjusted, and the vessel is 
to be swung for residual deviation during the period and for the place for which the 
curve of magnetic azimuths of figure 731 has been constructed. 
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Required.—Find the deviation on each heading given below, at the times indicated. 
Solution.— 
CH | CZn MZn — Deviation 
° °o ° ° 


000 073.2 072.4 0.8W 
045 074.0 072.8 1.2W 
090 074.2 073.4 0.8W 
135 074.0 073.9 0.1W 
180 073.7 074.4 0.7E 
225 073.5 074.8 1.35 
270 074.3 075.2 0.9 
315 075.38 075.7 0.1W 


The magnetic azimuth (MZn) is determined from figure 731, and the deviation from 
compass azimuth (CZn) and magnetic azimuth. 

734. Deviation by a range is a special case of deviation by magnetic bearing. 
Two objects appearing in line, one behind the other, constitute a range. Range markers 
are established in muny places to mark important channels, the extremities of measured 
miles, etc. In addition, numerous good ranges occur naturally, as when a lighthouse is 
in line with a tank, or a tower with a chimney. The true direction of such a range can 

_ be determined by measurement on the chart, and variation applied to determine the 
equivaient magnetic direction. In the case of a natural range, the objects should pref- 
eraciy be at least an inch apart as they appear on the chart, to minimize any plotting 
errors. 

A range is superior to the bearing of a single object because it provides a critical 
indication of when the vessel is in the correct position to take a reading. The vessel 
crosses the range on various compass headings. At each crossing, the compass bearing 
of the range is observed, and also the compass heuding. It is well to use two ranges 
nearly 90° apart, if available, because of the difficulty of crossing at small! angles. 

Exanple——A vessel maneuvering to adjust its compass in the Lower Bay of New 
York Harbor finds the true direction of the range between West Bank Light and 
Coney Island Light to be 032°. The variation in this area is 11°92 W. The vessel steams 
across the range on various compass headings, noting the compass direction of the range 
at the times of crossing, as shown below. 

Required —The deviation on each compass heading indicated. 

Solution —The magnetic bearing on the range is 032°-+11°2=043°2. 


CH MB Range CB Range Deviation 


000 043.2 032.9 10.3% 
045 043.2 023.7 19.5E 
090 043.2 031.9 11.35 
135 043.2 044.2 1.0W 
180 043.2 048.5 5.3W 
225 043.2 051.0 7.8W 
270 043.2 255.6 12.4W 
315 043.2 049.8 6.6W 


The analysis of these results (art. 727) indicates a constant error of 1°0E. The 
mean compass bearing is 042°2, differing from the correct magnetic bearing by the 
amount of constant error. 
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proceeds through pilot waters. In this manner several checks can be made without 
advance preparation as a vessel enters or leaves port. 

735. Deviation by reciprocal bearings.—Another method of using magnetic bear- 
ings is by means of a compass on the beach. This method is particularly useful when 
no suitable distant object or range is available, or where it may not be practical to 
remain close to a given bearing line. 

A reliable compass is taken ashore to a location which is free from magnetic dis- 
turbance. If the location is not marked by a conspicuous object, such as a beacon, i 
flagpole, prominent tree, etc., a temporary marker should be erected. A staff with 
a flag or bunting should be adequate. The marker should be of sufficient size and nature : 
to be conspicuous at the vessel. At suitable visual or radio signals from the vessel, . 
bearings are observed simultaneously aboard the vessel and ashore. The bearings of | ~ 
the vessel observed by the shore compass are magnetic. The reciprocals of these can 
be considered magnetic bearings of the shore station from the vessel. The bearings : 
measured aboard the vessel are compass bearings. The difference is deviation. To | 
avoid confusion in the sequence of bearings, the time of each bearing is recorded. 
Timepieces should be synchronized before the start of observations. : 

Ezample.—Simultaneous bearings are observed by a shore compass and the | 
standard compass aboard a vessel, as shown below. 

Required.—The deviaticn of the standard compass on each heading. 


3 
Ranges are widely used to check the deviation on the heading in use as a vessel : 
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Solution. — 
; . MB of MB of shore CB of shore ets § 
CH Time  vesse position position Deviation 
‘ ° ° ° ° ° 
7 000 1112 307 127 137 10W 
io 045 1120 309 129 131 ow 


090 1126 312 132 130 2 

185 1018 296 116 118 3E 

180 1029 295 115 109 65 : 
225 1039 288 108 096 12E fe 
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270 1052 288 108 113 5W Pes 
315 1104 289 109 115 6w | 
mean 118 118 : 
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The analysis of these results indicates no constant deviation. This is further indicated _ 
by the fact that the means of the bearings aboard and ashore are equal. 
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Adjustment by Deflector 





736. Principles involved.—As indicated in article 713, the magnetic field of a 
vessel causes deviation of a magnetic compass, and elso alters its directive force, _ 
strengthening it on some headings and weakening it on others. The purpose of compass 

Sere adjustment is to neutralize the effect of the vessel’s magnetic field on the compass. If this 
is done completely, all deviation is removed, and the directive force is the same on all headings. 

’ The usual procedure, described earlier in this chapter, is to adjust by reducing or . 
eliminating the deviation. By the deflector method, the various correctors are adjusted ‘ 
until the directive force is the same on all cardinal headings. Deviation is then a ;-. 
minimum. : 

The relative directive force on various headings is determined by means of an in- _ 
strument called a deflector. Actual measurement is of the setting of the instrument ™-+. 
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when the compass card has been rotated or “deflected” through 90° under certain 
standard conditions. The units are arbitrary “deflector units” which are used only 
for comparison with readings on other headings. 

The deflector method provides a quick adjustment. with only four headings being 
needed, without need for bearings, azimuths, or comparison with other compasses. it 
is easy to use. However, it is not as thorough as the method described in article 729, 
and should not be used when the usual method is available. The detiector method 
makes no provision for determination of coefficient A (art. 716), the ammount of Flinders 
bar needed, the setting of the heeling magnet, or the residual deviation. Coefficient 
E can be determined, but is usually ignored. The method has never been popular in 
the United States. It offers little or no advantage for a vessel equipped with a reliable 
gyrocompass. 

737. Adjustment by deflector.—The preliminary steps of adjustment are the 
same as indicated in article 728, omitting those relating to peloruses and other com- 
passes. Preparations having been completed, the adjustment should be carried out as 
follows: 

1. Steady on heading 000° (or 180°) by the compass being adjusted. Note the heading 
by another compass and keep the vessel on this heading, steering by means of the second 
compass. Put the deflector in place over the first compass, and deflect the compass 
card 90°. Record the reading on the deflector scale, and remove the deflector. 

2. Steady on heading 090° (or 270°) by the compass being adjusted, and follow the 
procedure of step 1. 

3. Steady on heading 180° (000° if 180° was “sed in step 1) by the compass being 
adjusted, and determine the deflector reading by the procedure of step 1. Leave the 
deflector in place and set it to the mean of the readings on headings 000° and 180°. 
Adjust the fore-and-aft permanent magnets until the deflection is 90°. This corrects 
for coefficient B, and the deflector readings on compass headings 000° and 180° should 
now be the same. Remove the deflector. 

4. Steady on heading 270° (090° if 270° was used in step 2)by the compass being 
adjusted, and determine the deflector reading by the procedure of step 1. Leave the 
deflector in place and set it to the mean of the readings on headings 090° and 270°. 
Adjust the athwartship permanent magnets uniil the deflection is 90°. This corrects 
for coefficient C, and the deflector readings on compass headings 090° and 180° should 
now be the same. 

5. Without changing the heading, set the deflector to the mean of the N-S and 
E-W means. Adjust the quadrantal correctors until the deflection is 90°. This cor- 
rects for coefficient D, and the deflector readings on all cardinal headings should be the 
same. Remove the deflector. 

Adjustment is now complete. It can be checked by repeating the five steps, a 
procedure which is particularly recommended if the difference between deflector 
readings on opposite headings is more than ten units. If means are available, and time 
permits, the vessel shculd be swung for residual deviation. If preferred, a heading of 
east or west can be used, reversing steps 1 and 2 and also steps 3 and 4. 

This method is particularly useful when a quick adjustment is needed following 
some change that affects the magnetic environment of the compass. 

738. The Kelvin deflector was developed in Great Britain by Sir William Thomson 
(Lord Kelvin). It consists essentially of two permanent magnets hinged like a pair 
of dividers, with opposite poles at the hinge. The magnets are mounted vertically over 
the center of the compass, with the hinged end on top. The separation of the lower 
ends can be varied by means of a screw. The amount of separation, indicated by 8 
scale and vernier drums, is the reading used in the adjustment. 
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The deflecting force increases as the separation becomes greater. When the 
deflector is in place over the compass, the blue pole is in line with the north (red) end | 
cv. :he compass magnets, as indiceted by a pointer. As the deflecting magnets are rotated | 
around the vertical uxis of the instrument, the compass card rotates in the same direc- | 
tion, but at a slower rate. The separation is adjusted until the rotation of the instrument. | 
is 170° when the deflection of the compass card is 90°. These are the standard conditions , 
under which readings are made. , 

The Kelvin type deflector provides adjustvuent tu an accuracy of 2° to 3°. 

739. The De Colong deflector was dev-icped in Russia and provides an accuracy 
of 025 to 1°0. Essentially, this instrument consists of two horizontal magnets which are 
perpendicular to each other. The small magnet is held in a fixed position close to the 
compass card. The large magnet. is mounted in a small tray which can be moved up and 
down along a vertical spindle mounted over the center of the compass. The red end of 
this magnet is placed toward the north. When it is positioned so that the directive force 

is exactly neutralized, the small magnet causes the compass card to be deflected 90°. The 
* height of the large magnet is the deflector reading, the scale being on the vertical 
spindle, and the index on the movable tray. 

Provision is made for mounting the large magnet vertically, to measure the vertical 
force of the magnetic field at the compass. A separate scale is nrovided for this purpose. 
Addit:onal magnets are generally provided for use near the magnetic equator, where the 
vertical intensity is very small. 

In practice, a separate deflector is provided for each compass, and they are not 
interchangeable. By the addition of an auxiliary scale, the instrument could be made 


i 
: . usable for any compass. 
Degaussing Compensation 
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740. Degaussing.—As indicated in article 712, a steel vessel has a certain amount 
of permanent magnetism in its “hard” iron, and induced magnetism in its “suft”’ iron. i 
Whenever two or more magnetic fields occupy the same space, the total field is the vector : 
sum (art. 118, vol. II) of the individuat fields. Thus, within the effective region of the 
field of a vessel, the total field is the combined total of the earth’s field and that due tu j 


the vessel. Consequenily, the field due to earth’s magnetism alone is altered or distorted 
due to the field of the vessel. This is indicated by a tendency of the lines of force to 
crowd into the metal of the vessel (art. 703), as shown in figure 741a. 

Certain mines and other explosive devices are designed to be trigger2d by the | 
magnetic influence of a vessel passing near them. It is therefere desirable to reduce toa ' 
practical minimum the magnetic field of a vessel. Cne method of doing this is to neu- 
tralize each component by means of an electromagnetic field produced by direct current 
of electricity in electric cables installed so 15 to form coils around the vessel. A uni: 
sometimes used for measuring the strength >f a magnetic field is the gauss. The reduc- 
tion of the strength of 2 magnetic field decreases the number of gauss in that field. 
Hence, the process is one of degavssing the vessel. 

When a vessel’s degaussing coils are energized, the magnetic field of the vessel is 
completely altered. This introduces large deviation in the magnetic compasses. This is 
removed, as nearly as practicabie, by introducing at each compass an equal and op- 
posite force of the same type—one caused by direct current in a coil—for each component 
of the field due to the degaussing currents. This is called compass compensation. When 
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; there is a possibility of confusion with compass adjustment to neutralize the effects of | 

1. ; the natural magnetism of the vessel, the expression degaussing compensation is used. “ z 
= Since the neutralization may not be perfect, a small amount of deviation due to degauss- z 
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ing may remain on certain headings. This is the reason for swinging sk*.; twice—once 
with degaussing off and once with it on—and having two separate wuiumns in the 
devietion table (fig. 710). 

741. A vessel’s magnetic signature.—A simplified diagram of the distortion of the 
eatth’s magnetic field ir the vicinity of a steel vessel is shown in figure 741e. Tle 
strength of the field is indicated by the spacing of the lines, being stronger as the linas 
are closer together. If a vessel passes over a device for detecting and recording the 
strength of the magnétic field, a certain pattern is traced, as shown in figure 741b. 
Since the magnetic field of each vessel is different, each has a distinctive trace, known 
as its magnetic signature. The simplified signature shown in figure 741b is one that 
might result from an uncomplicated field such as that shown in figure 741a. 

Several degaussing stations have been established to determine magnetic signatures 
and recommend the currenis needed in the various degaussing coils. Since a vessel’s 
induced magnetism varies with heading and magnetic latitude, the current settings of 
the coils which neutralize induced magnetism need to be changed to suit the conditions. 
A “degaussing folder” is provided each vessel to indicate the changes, and to give 
other pertinent information. 

A vessel’s permanent magnetism changes somewhat with time and the magnetic 
history of the vessel. Therefore, the information given in the degaussing folder should 
be checked from tin:e to time by a return to the magnetic station. 

742. Degaussing coils.—For degaussing purposes, the total field of the vessel is 
divided into three components: (1) vertical, (2) horizontal fore-and-aft, and (3) hori- 
zontal athwartships. The positive directions are considered downward, forward, and 
to port, respectively. These are the nori ial directions for a vessel headed north or 
east in north latitude. Each component is opposed by a separate degaussing field just 
strong enough to neutralize it. Ideally, when shis has been done, the earth’s field 
passes through the vessel smoothly and without distortion. The opposing degaussing 
fields are produce’ by direct current flowing in coils of wire. Each of the degaussing 
coils is placed so that the field it produces is directed to oppose one component of the 
ship’s field. 

The number of coils installed depends upon the magnetic characteristics of the 
vecsel, and the degree of safety desired. The ship’s permanent and induced magnetism 
may be neutralized separately so that control cf induced magnetism can be varied as 
heading and latitude change, without disturbing the fields opposing the vessel’s perma- 
nent field. The principal coils employed are the following: 

Main (M) coil. The M-coil is placed horizontal, and completely encircles the 
vessel, usuaily at or near the waterline. Its function is to oppose the vertical compo- 
nent of the vessel’s permanent and induced fields combined. Ger erally the induced 
field predominates. Current in the M-c™ -s varied or reversed according to the change 
of the induced component of the vertica: .. ‘id with latitude. 

Forecastle (F) and quarterdeck (Q) coils. The F- and Q-coils are placed horizontal 
just below the forward and after thirds (or quarters), respectively. of the weather deck. 
The designation “Q” for quarterdec.. is reminiscent of the days before World War iI 
when the “quarterdeck” of naval vessels was aft ale- che ship’s quarter. These coils, 
in which current can be individually adjusted, rer- _ ..uch of the fore-and-aft compo- 
nent of the ship’s permanent and induced field... ..iu1e commonly, the combined F- 
and Q-coiis consist of two parts; one part the FP- and QP-coils, to take care of the 
permanent fore-and-aft field, and the oter part, the FJ- and QJ-coils, to neutralize 
the induced fore-and-aft field. Generally, the forward and efter coils of each type are 
connected in series, forming a split-coil installation and designated #P-PQ coils and 
FI-QI cvils. Current in the FP-QP coils is generally consiant, but in the FI-QI coils 
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is varied according to the heading and magnetic latitude of the vessel. 1n split-coil 
installations, the coil designations are often contrac.ed to P-coil and J-coil. 
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Ficur: © ‘la.—Simplified diagram of distortion of cons magnetic field in the vicinity of & steel 
vessel. 
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Figure 741b.—Simplificd signature of vessel of figure 741a. 


Longitudinal (L) coil. Better control of the fore-and-aft components, but at greater 
installation expense, is provided by placing a series of vertical, athwartships coils along 


the length of the ship. It is the jield, not the coils, which is longitudinal. Current in 
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an L-coil is varied as with the F/-Q/ coils. It is maximum on north and south head- 


ings, and zero on east and west headings. 
Athwartship (A) coil. The A-coil is in a vertical fore-and-aft plane, thus producing 


a horizontal athwartship fiald which neutralizes the athwartship component of the 


vessel’s field. In most vessels, this component of the permanent field is small and can 
be ignored. Since the A-coil neutralizes the induced field, primarily, the current is 
changed with magnetic latitude und with heading, being maximum on east or west 
headings, and zero on north or south headings. 

The strength and direction of the current in each coil is indicated and adjusted 
at a control panel which is normally accessible to the navigator. Current may be 
controlled directly by .eostats at the control panel or remotely by push buttons which 
operate rheostats in the engine room. 

Since degaussing fields oppose the vessel’s fields, the positive directions of the 
degaussing fields are upward, aft, and to starvoard. For vositive fields in M, F, Fi, 
FP, Q, QI. ant QP coils, current flows forward on the starboard side of the vessel; 


‘ and the north 2nd of a small compass placed above any of these coils is deflected out- 


board. For a positive field in the Z-coil, current flows upward on the starboard side, 
and the north end of a compass is deflected aft when placed below an upper, athwart- 
ship portion of the coil. For a positive field in the A-coil, current in the upper, fore- 
and-aft portion flows aft, and the north end of a compass is deflected to starboard 
when placed below this portion of the coil. The FI-QJ coile are generally connected 
so that the field in the FJ-coil is negative when that in the QJ-coil is positive. 

Appropriate values of the current in each coil are determined at a degaussing sta- 
tion, the various currents being adjusted until the vessel’s signature is made as flat 

as possible. Recommended current values and directions for all headings and mag- 
netic latitudes are set forth in the vessel’s degaussing folder. This document is nor- 
mally retained by the navigator, whose responsibility it is to see that the recommended 
settings are maintained whenever the degaussing system is energized. 

743. Securing the degaussing system.—Unless the degaussing system is properly 
secured, residual magnetism may remain in the metal of the vessel. During degaussing 
compensation and at other times, as recommended in the degaussing folder, the 
“reversal”? method is used. The steps in the reversal process are as follows: 

1. Start with maximum degaussing current used since the system was last energized. 

2. Decrease current to zero and increase it in the opposite direction to the seme 
value as in step 1. 

3. Decrease the curren: to zero and increase it to three-fourths maximum value 
in the original direction. 

4. Decrease the current to zero and increase it to one-half maximum value in 
the opposite direction. 

5. Decrease the current to zero and increase it to one-fourth maximum value in 
the original direction. 

6. Decrease the current to zero and increase it to one-eighth maximum value in 
the opposite direction. 

7. Decrease the current to zero and open switch. 

744. Magnetic treatment of vessels.—In some instances, the degaussing can be 
made more effective by changing the magnetic characteristics of the vessel by a process 
known as deperming. Heavy cables are wound around the vessel in an athwartship 
direction, forming vertical loops around the longitudinal axis of the vessel. The loops 

are run beneath the keel, up the sides, and over the top of the weather deck at closely 
spaced equal intervals along the entire length of the vessel. Predetermined values of 
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direct current are then passed through the coils. When the desired magnetic charac- 
teristics have been acquired, the cables are removed. 

A vessel which does not have degaussing coils, or which has a degaussing system 
which is inoperative, can be given some temporary protection by a process known as 
flashing. A horizontal coil is placed around the outside of the vessel and energized 
with large predetermined values of direct current. When the vessel has acquired a 
vertical field of permanent magnetism of the correct magnitude and polarity to reduce 
to a minimum the resultant field below the vessel for the particular magnetic latitude 
involved, the cable is removed. This type protection is not as satisfactory as that 
provided by degaussing coils because it is not adjustable for various headings and 
magnetic latitudes, and also because the vessel’s magnetism slowly readjus‘s itself 
following treatment. 

During magnetic tr2atment it is a wise precaution to remove all magnetic com- 
passes and Flinders bars from the vessel. Permanent adjusting magnets and quad- 
rantal correctors are not materially affected, and need not be removed. If for any 
reason it is impractical to remove a compass, the cables used for magnetic treatment 
should be kept as far as practical from it. 

745. Degaussing compensation——The magnetic fields created by the degaussing 
coils . uld render the vessel’s magnetic compasses useless unless compensated. This 
is ac « - plished by subjecting the compass to compensating fields along three mutually 
perpendicular axes. These fields are provided by small compensating coils adjacent 
to the compass. In nearly all installations, one of these coils, the heeling coil, is hori- 
zontal and on the same plane as the compass card. Current in the hecling coi) is ad- 
justed until the vertical component of the total degaussing field is neutralized. The 
other compensating coils provide horizontal fields perpendiewler to each other. Cur- 
rent is varied in these coils until their resultant field is equal and opposite ta the hori- 
zontal component of the degaussing field. In early installations, these horizon | fields 
were directed fore-and-aft and athwartships by placing the coils around the Flinders 
bar and the quadrantal spheres. Compactness and other advantages are gained by 
placing the coils on perpendicular axes extending 045°-225° and 315°-135° relative 
to the heading. A frequently used compensating installation, called the type “IK,” 
is shown in figure 745. It consists of a heeling coil extending completely around the 
top of the binnacle, four “intercardinal’’ coils, and three control boxes. The inter- 
cardinal coils are named for their positions relative to the compass when the vessel is 
on a heading of north, and also for the compass headings on which the current in the 
coils is adjusted to the correct amount for compensation. The NE-SW coils operate 
together as one set, and the NW-SE coils operate as unother. One control box is pro- 
vided for each set, and one for the heeling coil. 

The compass compensating coils are connected to the power supply of the de- 
gaussing coils, and the currents passing through the compensating coils are adjusted 
by series resistances so that the compensating field is equal to the degaussing field. 
Thus, a change in the degaussing currents is accompanied by a proportional change 
in wae compenssting currents. Each coil has a separate winding for each degaussing 
circuit it compensates. 

Degaussing compensation is carried out while the vessel is moored at the shin- 
yard where the degaussing coils are installed. This is usually done by personnel of the 
yard, using the following procedure: 

1. The compass is removed from its binnacle and a dip needie is installed in its 
place. The AZ-coil and heeling coil are then energized, and the current in the heeling 
coil is adjusted until the dip needle indicates the correct value for the magretic latitude 
of the vessel. The system is then secured by the reversing process. 
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installation. 


2. The compass is restored to its usual position in the binnacle. By means of 
auxiliary magnets, the compass card is deflected until the compass magnets are parallel 
to one of the compensating coils or set of coils used to produce w horizontal field. The 
compass magnets are then perpendicular to the field produced by that coil. One of the 
degaussing circuits producing a horizontal field, and its compensating winding, are 
then energized, and the current in the compensating winding is adjusted until the 
compass reading returns to the value it had before the degaussing circuit was energized. 
The system is then secured by the reversing process, The process is repeated with each 
additional circuit used to create a horizontal field. The auxiliary magnets are then 
removed. 

3. The auxiliary magnets are placed so that the compass magnets are parallel to 
the other compensating coils or set of coils used to produce a horizontal field. The 


procedure of step 2 is then repeated for each circuit producing a horizontal field. 


i 
\ 
i 
Ficure 745.—Type “K” degaussing compensation 
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wiicn the vessel gets under way, it proceeds to a suitable maneuvering area. The 
vessel is then headed so that ihe compass magnets are parallel first to one compensating 
coil or set of coils and then the other, and any needed adjustment is made in the com- 
pensating circuits to reduce the error to a minimum. The vessel is then swung for 
residual deviation, first with degaussing off and then with degaussing on, and the 
correct current settings for each heading at the magnetic latitude of the vessel. From a 
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the values thus obtained, the “DG OFF” and “DG ON” cclumns of the deviation 
table (fig. 710) are filled in. If the results indicate satisfactory compensation, a record 
is made of the degaussing coil settings and the resistances, voltages, and currents in 
the compensating coil circuits. The control boxes are then secured. 

Under normal operating conditions, the settings need not be changed unless changes 
are made in the degaussing system, or unless an alteration is made in the amount of 
Flinders bar or the setting of the quadrantal correctors. However, it is possibie for a 
ground to occur in the coils or control box if the circuits are not adequately protected 
from sea water or other moisture. If this occurs, ii should be reflected by a change in 
deviation with degaussing ‘on, or by a decreased installation resistance. Under these 
conditicns, compensation should be carried out again. If the compass is to be needed 
with degaussing on before the ship can be returned to a shipyard where the compensa-~ 
tion can be made by experienced personnel, the compensation should be made at 
sea on the actual headings needed, rather than by deflection of the compass needles by 
magnets. More complete information related to this process is given in the degaussing 
folder. 

If a vessel has been given magnetic treatment, its magnetic properties have been 
changed. This necessitates readjustment of each magnetic compass. This is best delayed 
for several days to permit stabilization of the magnetic characteristics of the vessel. 
If this cannot be delayed, the vessel should be swung again for residual deviation 
after a few duys. Degaussing compensation should not be made until after compass 
adjustment has been completed. 


Problems 


711a. Fill in the blanks in the following: 
mY Me RB og 
(1) 105 WwW — 
215 
087 
166 160 
216 _ 
357 _ 
_ 015 
210 214 


Answers.—(1) MC 090°, CC 095°, CE 10°E; (2) TC 229°, V 10°E, MC 219°; (8) 
TC 060°, MC 072°, D 5°E; (4) V 10°W, D 6°E, CE 4°W;; (5) V 6°E, CC 219°, CE 
3°E; (6) V 12°E, D 2°W, CC 359°; (7) TC 019°, MC 021°, CE 4°E; (8) TC 213°, 
V 3°E, D 4°W. 

711b. A vessel is on course 150° by compass in an area where the variation is 19°E. 
The deviation is as shown in figure 710. Degaussing is on. 

Required.—(1) Deviation. 

(2) Compass error. 

(3) Magnetic heading. 

(4) True heading. 

Answers.—(1) D 1°E, (2) CE 20°E, (3)MH 151°, (4) TH 170°. 

71ke. A vessel is on course 055° by gyro and 041° by magnetic compass. The gyro 
error is 1°W. The variation is 15°E. 

Required—The deviation on this heading. 

Answer.—D 2°W. 
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711d. A vessel is on course 177° by gyro. The gyro error is 0°5E. A beacon bears 
088° by magnetic compass in an area where variation is 11°W. The deviation is as 
shown in figure 710, degaussing off. 

Required —The true bearing of the beacon. 

Answer.—TB 076°. 

721a. A magnetic compass is adjusted on the magnetic equator, without any 
Flinders bar being used. The resi¢yal deviation on heading 090° magnetic is 1°E. 
Some days later, at latitude 37°N, dip 70°, the deviation on heading 080° is 12°W. 

Required.—The length and location of Flinders bar required to restore a residual 
deviation of 1°E (using fig. 721, A) if the magnetic properties of the vessel are un- 
changed. 

Answer.—Fifteen inches of Flinders bar forward of the compass. 

721b. The deviation of a magnetic compass of a vessel on heading 270° magnetic 
is 2°E near Sydney, Australia (south magnetic latitude) and 12°W near Seattle, Wash. 
(north magnetic latitude). Near Sydney, H=0.258 and Z=90.51. Near Seattle, H=0.188 
and Z=0.53. The shielding factor is 0.9. 

Required—The length of Flinders bar to use if (1) no Flinders bar is in place 
du ring observations, (2) 12 inches of Flinders bar is in place forward of the compass dur- 
ing observations. 

Answers.—(1) 8% inches (8.5 inches by computation) of Flinders bar aft of the 
compass, (2) nine inches (8.8 inches by computation) of Flinders bar forward of the 
compass. 

727. A magnetic compass which has not been adjusted has deviation on cardinal 
and intercardinal compass headings as follows: 


Compass heading Deviation Compass heading Deviation 
000 2.0E 180 6.0E 
045 20.5 225 5.5W 
090 18.5E 270 22.0W 
135 8.0E 315 23.5W 


On heading compass north the deviation is 6°0W when the vessel heels 7° to starboard. 

Required.—(1) The epproximate value of each coefficient. 

(2) The total deviation to be expected on compass heading 300°, with the vessel 
on an even keel. 

(3) Heeling error on compass heading 060°, with a hee! of 10°. 

Answers.—(1) A (+)0°5, B (+)20°2, C (—)2°0, D (+)7°6, E (+)2°9, J (—)1°1; 
(2) d 26°0W; (3) HE 5°5. 

730a. It is desired to place a vessel on magnetic heading west, using the magnetic 
steering compass. The deviation table for this compass is shown in figure 710. Degaussing 
is on. 

Required —Heading per steering compass (p stg c). 

Answer.—Hy stg ¢ 272°. 

730b. It is desired to place a vessel on synagnetic heading south, using the gyro- 
compass. The variation in this area is 12°E, end the gyro error is 0°5E. 

Required —Heading per gyrocompass. 

Answer.—Hoz_ 191°5. 

730c. It is desired to p ace a vessel on magnetic heading southeast in an area 
where the variation is 6°Vr. The true bearing for & distant object is 047°. 

Required.—(1) The magnetic bearing of the object. 
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(2) The relative bearing of the object when the vessel is on the desired magnetic 
heading. 


Answers.—(1) MB 053°, (2) RB 278°. 
730d. The compass bearings of a distant object are as follows: 


CH CB CH CB 
000 358 180 002 
045 357 225 006 
090 351 270 012 
135 353 315 009 


Required—The magnetic bearing of the object, assuming no constant deviation 
(coefficient .A). 


Answer.—MB 001°. 

730e. It is desired to place a vessel on magnetic heading east in an area where the 
variation is 13°E, and at a time when the computed true azimuth of the sun is 218°. 

Required.—(1) The magnetic azimuth of the sun. 

(2) The relative azimuth when the vessel is on the desired magnetic heading. 

(3) The azimuth by a magnetic compass having deviation as shown in figure 710 
(DG on). 

(4) The azimuth by a gyrocompass having a gyro error of 1°W. 

Answers.—(1) MZn 205°, (2) RZn 115°, (3) CZn 202°, (4) Zn,,-_ 219°. 

732. A vessel is being maneuvered to determine the residual deviation of a magnetic 
compass. The gyrocompass, which has an error of 1°E, is used for placing the vessel on 
the magnetic headings indicated below. Variation in the area is 7°8W. The following 
readings are obtained: 


MH CH MH CH 

000 000.0 180 180.1 
045 044.1 225 225.8 
090 088.5 270 271.4 
135 134.2 315 315.9 


Required.—Gyro heading and deviation on each magnetic heading. 
Answers.— 





= MH Hpec Dev. MA H pte Deo. 
; v00 =. 851.2 —(0.8 180 171.2 0O.1W 
045 036.2 0.9E 225 2162 0.8W 

090 «= «081.2—Ss«1.5E 270 8=6.2612 81.4W 

135 126.2 0.8E 315 306.2 0.9W 


733. A vessel is being swung for residual deviation during the period and at the 
place for which the curve of magnetic azimuths of figure 731 has been constructed. 
The following readings are obtained: 


ate 


CH . Time CZn CH : Time CZn 

000 75613 73.7 180 81636 75.2 
b, 045 8 01 22 72.9 225 82219 76.8 
090 80455 71.9 270 82712 78.7 

135 8 1101 74.0 315 8 33.27 77.2 
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Regquired.—Deviation on each compass heading. 
Answers.— 










CH Deviation CH Deviation 
000 0.15 180 0.0 

045 1.35 225 1.2W 
090 2.6E 270 2.8W 
185 0.9E 315 0.8W 






734. A vessel being swung for residual deviation crosses a range on various compass 
headings as indicated below, the compass bearing of the range being observed at each 
crossing. The true direction of the range is 255°. The variation in the vicinity is 24°55. 

















CH cB CH CB 
000 230.3 180 230.6 
045 228.7 225 232.4 
090 227.4 270 233.8 
135 228.0 315 232.3 
Required.— Deviation on each compass heading. 
Answers.— 
CH Deviation cH Deviation 
a Ss 000 © 0.2E 180 0.1W 
045 1.8E 225 1.9W 
090 3.1E 270 3.3W 
135 2.5E 315 1.8W 






735. Bearings of a vessel are taken by means of a compass ashore, and simultaneous 
bearings of the shore position are taken from the vessel, as follows: 










CB of CB of 

shore MB of shore MBo 
CH position vessel CH position vesse 
000 020 198 180 003 184 
045 013 189 225 009 194 
090 004 174 270 013 204 
135 001 172 315 017 205 






Required.—(1) Deviation on each heading. 
(2) The value of coefficient A. 













Answers.— 
(1) 
CH Deviation CH Deviation 
al 000 2W 180 1E 
045 4w 225 5E 
’ 090 10W 270 11E 
' 135 9W 315 8E 






(2) Coefficient A is zero. 


















































































































































































































































CHAPTER VIII 
DEAD RECKONING 


801. Introduction —Dead reckoning (DR) is the determination of position by 
advancing a known position for courses and distances. It is reckoning relative to 
something stationary or “dead” in the water, and hence applies to courses and speeds 
through the water. Because of leeway due to wind, inaccurate allowance for compass 
error, imperfect steering, or error in measuring speed, the actual motion through the 
water is seldom determined with compiete accuracy. In addition, if the water itself 
is in motion, the course and speed over the bottom differ from those through the water. 
It is good practice to use the true course steered and the best determination of measured 
speed, which is normally speed through the water, for dead reckoning. Hence, geo- 
graphically, a dead reckoning position is an approximate one which is corrected from 
time to time as the opportunity presents itself. Although of less than the desired 
accuracy, dead reckoning is the only method by which a position can be determined 
at any time and therefore might be considered basic navigation, with all other methods 
only appendages to provide means for correcting the dead reckoning. The prudent 
navigator keeps his direction- and speed- or distance-measuring instruments in top 
condition and accurately calibrated, for his dead reckoning is no more accurate than 
his measurement ef these elements. 

If a navigator can accurately assess the disturbing elements introducing geo- 
graphical errors into his dead reckoning, he can determine a better position than that 
established by dead reckoning alone. This is properly called an estimated position 
(EP). It may be established either by applying an estimated correction to » dead 
reckoning position, or by estimating the course and speed being made good over the 
bottom. The expression “dead reckoning” is sometimes applied loosely to such reckon- 
ing, but it is better practice to keep this “estimated reckoning” distinct from dead 
reckoning, if for no other reason than to provide a basis for evaluating the accuracy 
of one’s estimates. When good information regarding current, wind, etc., is available, 
it should be used, but the practice of applying corrections based upon information of 
uncertain accuracy is, at best, questionable, and may introduce an error. Estimates 
should be based upon judgment and experience. Positional information which is 
incomplete or of uncertain accuracy may be available to assist in-making the estimate. 
However, before adequate experience is gained, one should be cautious in applying 
corrections, for the estimates of the inexperienced are often quite inaccurate. 

Dead reckoning not only provides means for continuously establishing an ap- 
proximate position, but also is of assistance in determining times of sunrise and sunset, 
the celestial bodies available for observation, the predicted availability of electronic 
aids to navigation, the suitability and interpretation of soundings for checking position, 
the predicted times of making landfalls or sighting lights, estimates of arrival times, and 
in evaluating the reliability and accuracy of position-deiermining information. Because 
of the importance of accurate dead reckoning, a careful log is kept of all courses and 
speeds, times of all changes, and compass errors. These may be recorded directly in 
the log or first in a navigs -.:°3 notebook for later recording in the log, but whatever 
the form, a careful record. :mportant. 
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DEAD RECKONING 


Modern navigators almost invariably keep their dead reckoning by plotting directly 
on the chart or plotting sheet, drawing lines to represent the direction and distance of 
travel and indicating dead reckoning and estimated positions from time to time. 
This method is simple and direct. Large errors are often apparent as inconsistencies 
in an otherwise regular plot. Before the advent of power vessels, when frequent course 
and speed changes were common, and when charts were sometimes of questionable 
accuracy, it was common practice to keep the dead reckoning mathematically by one, 
or a combination, of the “sailings” (chapter IX). Except for great-circle sailing, and 
occasionally composite and Mercator sailings, these are of little more than historical 
interest to modern navigators, other than those of small boats. 

In determining distance run in a given time, one may find table 19 useful. 

802. Plotting position on the chart.—A position is usually expressed in units of 
jatitude and longitude, generally to the nesrest 0/1, but it may be expressed as bearing 
and distance from a known position, such as a landmark or aid to navigation. 

To plot a position on a Mercator chart, or to determine the coordinates of a point 
on such a chart, proceed as follows: 

To plot a position when its latitude and longitude are known: Mark the given lati- 
tude on a convenient latitude scale along a meridian, being careful to note the unit 
of the smallest. division on the scale. Place a straightedge at this point and parallel to a 
parallel of latitude (perpendicular to a meridian). Holding the straightedge in place, 
set one point of a pair of dividers at the given longitude on the longitude scale at the 
top or bottom of the chart (or along any parallel} and the other at a convenient printed 
meridian. Without changing the spread of the dividers, place one point on the same 
printed meridian at the edge of the straightedge, and the second point at the edge of 
the straightedge in the direction of the given longitude. This second point is at the 
given position. Lightly prick the chart. Remove first the straightedge and then the 
dividers, watching the point to be sure of identifying it. Make a dot at the point, enclose 
it with a small circle or square as appropriate (art. 805), and label it. If the dividers 
are set to the correct spread for longitude before the latitude is marked, one point of 
the dividers can be used to locate the latitude and plaze the straightedge, if one is 
careful not to disturb the setting of the dividers. 

To determine the coordinates of a point on the chart: Place a straightedge at the 
give oint and parallel to a parallel of latitude. Read the latitude where the straight- 
edge crosses a latitude scale. Keeping the straightedge in place, set one leg of a pair of 
dividers at the given point and the other at the intersection of the straightedge and a 
convenient printed meridian. Without changing the spread of the dividers, place one 
end on a longitude scale, at the same printed meridian, and the other point on the 
scale, in the direction of the given point. Read the longitude at this second point. 

Several variations of these procedures may suggest themselves. That method 
which seems most natural and is least likely to result in error should be used. 

803. Measuring direction on the chart.—Since the Mercator chart, commonly used 
by the marine navigator, is conformal (art. 302), directions and angles are correctly 
represented. It is customary to orient the chart with 000° (north) at the top; other 
directions are in their correct relations to north and each other. 

As an aid in measuring direction, compass roses are placed at convenient places on 
the chart or plotting sheet. A desired direction can be measured by placing a straight- 
edge along the line from the center of 2 compass rose to the circular graduation repre- 
senting the desired direction. ‘Ihe straightedge is then in the desired direction, which 
may be transferred to any other part of the chart by parallel motion, as by parallel 
rulers or two triangles (art. 603). The direction between two points is determined by 












































































































































































































252 DEAD RECKONING 


transferring that direction to a compass rose. If a drafting machine (art. 606) or some 
form of plotter (art. 605) or protractor (art. 604) is used, measurement can be made 
directly at the desired point, without using the compass rose. 

Measurement of direction, whether or not by compass rose, can be made at any 
convenient place on a Mercator chart, since meridians are parallel to each other and a 
line making a desired angle with any one makes the same angle with all others. Such 
a line is a rhumb line, the kind commonly used for course lines, except in polar regions. 
For direction on a chart having nonparallel meridians, measurement can be made at 
the meridian involved if the chart is conformal, or by special technique if it is not 
conformal. Explanation of the former is given in article 2511. The only nonconformal 
chart commonly used by navigators is tae gnomonic, and instructions for measuring 
direction on this chart are usually given on the chart itself. 

Compass roses for both true and magnetic directions may be given. A drafting 
machine can be oriented to any reference direction—true, magnetic, compass, or grid. 
When a plotter or protractor is used for measuring an angle with respect to a meridian, 
the resulting direction is true unless other than true meridians are used. For most 
purposes of navigation it is good practice to plot true directions only, and to label them 
in true coordinates. 

804. Measuring distance on the chart.—The length of a line on a chart is usually 
measured in nautical miles, to the nearest 0.1 mile. For this purpose it is customary to 
use the latitude scale, considering one minute of latitude equal to one nautical mile. 
The error introduced by this assumption is not great over distances normally measured. 
It is maximum near the equator or geographical poles. Near the equator a ship travel- 
ing 180 miles by measurement on the chart would cover only 179 miles over the earth. 
Near the poles a run of 220 miles by chart measurement would equal 221 miles over the 
earth. 

Since the latitude scale on a Mercator chart expands with increased latitude, meas- 
urement should be made at approximately the mid latitude. For a chart covering a 
relatively small area, such as a harbor chart, this precaution is not important because 
of the slight difference in scale over the chart. On such charts a separate mile scale 
may be given, and it may safely be used over the entire chart. However, habit is strong, 
and mistakes can probably be avoided by always using the mid latitude. 

For long distances the line should be broken into a number of parts or legs, each 
one being measured at its mid latitude. The length of a line that should be measured 
in a single step varies with latitude, decreasing in higher latitudes. No realistic nu- 
merical value can be given, since there are too many considerations. With experience 
a navigator determines this for himself. On the larger scale charts this is not a problem 
because the usual dividers used for this purpose will not span an excessively long 
distance. 

In measuring distance, the navigator spans with his dividers the length of the line 
to be measured and then, without altering the setting, transfers this length to the 
latitude scale, carefully noting the graduations so as to avoid an error in reading. 
This precaution is needed because of the difference from chart to chart. In measuring 
a desired length along a line, the navigator spans this length on the latitude scale 
opposite the line and then transfers his dividers to the line, without changing the setting. 
For a long line the navigator sets his dividers to some convenient distance and steps 
off the line, counting the number of steps, multiplying this by the length of the step, 
and adding any remainder. If the line extends over a sufficient spread of latitude to 
make scale difference a factor, he resets his dividers to the scale for the approximate 
mid latitude of each leg. The distance so measured is the length of the rhumb line. 
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DEAD RECKONING 253 


For measuring distance on a nearly-constant-scale chart, such as the Lambert 
conformal, the mid-latitude precaution is usually unnecessary. Such charts generally 
have a mile scale independent of the latitude scale. On a gnomonic chart a special 
procedure is needed, and this is usually explained on the chart. 

805. Plotting and labeling the course Jine and positions.—Course is the intended 
horizontal direction of travel through the water. A course line is a line extending in the 
direction of the course. From a known position of the ship the course line is drawn in the 
direction indicated by the course. It is good practice to label all lines and points of 
significance as they are drawn, for an unlabeled line or point can easily be misinterpreted 
later. Any simple, clear, logical, unambiguous system of labels is suitabie. The following 
is widely used and might well! be considered standard. 

Label a course line with direction and speed. Above the course line piace a capital 
C followed by three figures to indicate the course steered. It is customary to iabel 
and steer courses to the nearest whole degree, although they are generally computed to 
the nearest 0°1. The course label should indicate true direction, starting with 000° at 
true north and increasing clockwise through 360°. Below the course line, and under 
the direction label, place a capital S followed by figures representing the speed in 
knots. Since the course is always given in degrees true and the speed in knots, it is 
not necessary to indicate the units or the reference direction (fig. 805). 


o—_ 
0800 C 095 09001 
$15 83 


Figure §805.—A course line with labels. 


A point to be labeled is enclosed by 2 small circle in the case of a fix (an accurate 
position determined without reference vo any former position), a semicircle in the case 
of a dead reckoning position, and by a small square in the case of an estimated position. 
It is labeled with the time, usually to the nearest minute; the nature of the position is 
indicated by the symbol used. Time is usually expressed in four figures without punctua- 
tion, on a 24-hour basis (art. 1803). Zone time (art. 1807) is usually used, but Greenwich 
mean time (art. 1807) may be employed. A course line is a succession of an infinite 
number of dead reckoning positions. Only selected points are labeled. 

The times of fixes and estimated positions are placed horizontally; the times of 
dead reckoning positions are placed at an angle to the course line. 

806. Dead reckoning by plot.—As a vessel clears a harbor and proceeds out to sea, 
the navigator obtains one last good fix while identifiable landmarks are still available. 
This is called taking departure, and the position determined is called the departure. 
Piloting (ch. X) comes to an end and the course is set for the open sea. The course 
line is drawn and labeled, and some future position is indicated as a DR position. 
The number of points selected for labeling depends primarily upon the judgment and 
individual preference of the navigator. It is good practice to label each point where 
a change of course or speed occurs. If such changes are frequent, no additional points 
need be labeled. With infrequent changes, it is good practice to label points at some 
regular interval, as every hour. From departure, the dead reckoniuy plot continues 
unbroken until a new well-established position is obtained, when both DR and fix are 
shown. The fix serves as the start of a new dead reckoning plot. Although estimated 
positions are shown it is generally not good practice to begin a new DR at these points. 

A typical dead reckoning plot is shown in figure 806, indicating procedures both 
when there are numerous changes of course and speed and when there is a long con- 
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tinuous course. It is assumed that no fix is obtained after the initial one at 0800 on 
September 8. Note that course lines are not extended beyond their limits of usefulness, 
Ons should keep a neat plot and 1eave no doubt as to the meaning of each line and 
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Fictre §06.—A typical dead reckoning plot. 





marked point. A neat, accurate plot is the mark of a good navigator. The plot of the in- 
tended track (art. 207) should be kept extended to some future time. A good navigator 
is always ahead of his ship. In shoal water or when near the shore, aids to navigation, 
dangers, etc., it is customary to keep the dead reckoning plot on a chart. A chart over- 
printed with a lattice of a radionavigation system may be used. But cn the open sea, 
with only dead reckoning and celestial navigation available, it is good practice to use a 
plotting sheet (art. 323). 
807. Current.—Water in essentially horizontal motion over the surface of the 
' earth is called current. The direction in which the water is moving is celled the set, 
be 4 and ‘he speed is called the drift. In navigation it is customary to use the term “our- 
rent” to include all factors introducing geographical error in the dead reckoning, whether 
their immediate effects are on the vessel or t’- veter. When a fix is obtained, one as- 
sumes that the current has sev from the DR position at the seme time ¢o the fix, and 
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DEAD RECKONING 255 


that the drift is equal to ths distance in miles between these positions, divided by the 
number of hours since the last fix. This 1s true regardless of the number of chenges 
of course or speed since the last fix. 

If set and drift since the last fix are knuwn, or can be estimated, a better position 
can be obtained by applying a correction to that obtained by dead reckoning. This 
is conveniently done by drawing a straight line in the direction of the set for a distance 
equai iv the drift multiplied by the number of hours since the last fix, as shown in figure 
805. The direction of a straight line from the last fix to the EP is the estimated course 
made good, and the length of this line divided by the time is the estimated speed made 
good. The course and speed actually made good over the ground are called the course 
over the ground (COG) and speed over the ground (SOG), respectively. 

As shown in figure 805, the straight line drawn from the 0900 DR in the direction 
o: the set is constructed as a broken line. The capital S above the line represents the 
set; the capital D below the line represents the drift. 

If a ecurreut is setting in the same direction as the course, or its reciprocal, the 
course over the ;-ound is the same as that through the water. The effect on the speed 
ean be found by simple arithmetic. If the course and set are in the same direction, 
the speeds are added; if in opposite a: -ctions, the smaller is subtracted from the lar,or. 
This situation is not w:usual when a ship . counters @ tidal current while entering or 
leaving port. If a ship is crossing a current, solution can be made graphically by vector 
diagram (art. 118, vol. ID since velocity over the ground is the vector sum of velocity 
through the water and velocity of the water. Although distances can be used, itis gen- 
erally easier to use speeds. 

Example 1.—A ship 01. course 080°, speed ten knots, is steaming through a current 
having an estimated set of 140° and drift of two knots. 

Required—Estimated course and speed made good. 

Solution (fig. 807a)—(1) Fium A, any convenient point, draw AB, the course 
and speed of the ship, in direction 086°, for a distance cv” en miles. 


sreete 
qurse Steer! 
Feed Through 


: Course Made Gcod 089 
s “Speed Made Gocd 11.2 


FIGURE 807a.—Finding course and speed made good through a current. 


Water 10 


(2) ¥rom B draw BC, the set aud drift of the current, in direction 140°, for 9 dis- 
iance of two miles. 

(3) The direction and length of AC are the estimated course ind speed made good. 
Determine these by measuremert. 

A» swers.—Estimated course made good 089°, estimated speed made good 11.2 kn. 

If it is required to find the ceurse to stees at a given speed to make good « desired 
cours, plot the current vector from the origin, A, instead of from B. 

Veu:nple 2.-—The captain desires to make good a course of 075° through a current 
having a set of 170° and a drift of 2.5 knots, using a speed of 12 knots. 

Required.—The course to steer and the speed made gond. 

Solution (fig. 807b).—(1) From A, any convenient point, draw line AB extending 
in the direction of the course to be made good, 095°. 

(2) From A draw AC, the sot and drift of the current. 
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(3) Using Cas: - ter, swing an arc of radius CD, the speed through the water 
(12 knots), inter .ecting tine AB at D. 

(4) Measure the direction of line CD, 083°5. This is the course to steer. 

(5) Measure the length AD, 12.4 knots. This is the speed made good. 

Axnswers-—Course to steer 083°5, speed made good 12.4 kn. 
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Figure §07b.—Finding the course to steer at a given speed to make god a given 
course through a current. 


If it is required to find the course to steer and the speed to use to make gouu a 
desired course and speed, proceed as folicws: 

Example 3.—Tho captain desires to make good a course of 265° and a speed of 15 
knots through a current having a set of 165° and a drift of three knots. 

Required —The course to steer and the speed to use. 

Solution (fig. 807c).— 1) From .4, any convenient point, draw AB in the direction 


of the course to be made good, 265°, and for a length equal to the speed to be made 
good, 15 knots. 


A 
265 — 
Course To Make Soul a = 
Speedo take & aE 
| se 
Course To Steer 276 i 
Speed Through Water 14. = 


. 


Figure 807¢e.—Finding the course to steer and the speed to use to make good a given course 
and speed through a current. 


(2) From A draw AC, the set and drift of the current. 

(3) Draw a straight line from C to B. The direction of this line, 276°, is the required 
course to steer; and the length, 14.8 knots, is the required speed. 

Answers.—Course to ¢‘2er 276°, speed to use 14.8 kn. 

Such vector solutions can be made to any convenient scale and at any convenient 
place, such as the center of a compass rose. an unused corner of the plotting sheet, a 
separate sheet, or directly on the plot. 

808. Leeway is the leeward motion of vessel due to wind. It may be expressed 
as distance, speed, or angular difference between course steered and course through the 
water. However expressed, its amount varies with the speed and relative direction of 
the wind, type of vessel, amount of freeboard, trim, speed of the vessel, state of the 
sea, and depth of water. If information on the amount of leeway to be expected under 
various conditions is not available for tne type vessel involved, i should be determined 
by observation. When sufficient data have been collected, suitable tables or graphs 
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DEAD RECKONING 257 


can be made for quick and convenient estimate. The uccuracy of the information 
should be checked whenever convenient, and corrections made when sufficient evidence 
indicates the need. 

Leeway is most. conveniently applied by adding its effect to that of current and 
other elements introducing geographical error in the dead reckoning. It is customary 
to consider the combined effect. of all such elements as current, and to make allotvance 
for this as explained in article 807. In sailing ship days it was common practice to 
consider leeway in terms of its effect. upon the course only, and to apply it asa correction 
in the same manner that. variation and deviation are applied. While this method has 
merit. even with power vessels, it is generally considered inferior to that of considering 
leeway as part of current. 

809. Automatic dead reckoning.—Soeveral types of devices are in use for per- 
forming automatically all or part. of the dead reckoning. Perhaps the simplest is the 
automatic course recorder, which provides a graphical record of the various courses 
steered. In its usual form this device is controlled by the gyrocompass, and so indicates 
gyro courses, 

Dead reckoaing equipment receives inputs from the compass, usually the gyro- 
compass, and a mechanical log or engine revolution counter. Tt determines change in 
latitude and longitude, the latter by first determining departure and then mechanically 
multiplying this by the secant of the latitude. The device is provided with counters 
on which latitude and longitude can be set. As the vessel proceeds, the changes are 
then mechanically added to or subtracted from these readings to provide a continuous, 
instantaneous indication of the dead reckoning position. ‘The navigator or an assistant 
reads these dials at intervals, usually each hour, and records the values in a notebook. 
Most. models of dead reckoning equipment are provived, also, with a tracer for keeping 
a graphical record of dead reckoning in the form of a plot. by moving a pencil or pen 
across a chart or plotting sheet. This part. of tie device is called a dead reckoning 
tracer. Whatever the form, dead reckoning equipment is a great convenience, partic- 
wlarly when a ship is maneuvering. However, such mechanical equipment. is subject 
to possible failure. The prudent navigator keeps a hand plot and uses the dead reck- 
oning equipment as a check. Tn navigation it is never wise to rely upon a single method 
if a second method is avnilable as a check. 

If it were possible to measure, with high accuracy, the direction and distance 
traveled with respect to the carth, an accurate geographical position could be known at. all 
times. The two methods most commonly used are (1) doppler and (2) inertial. By the 
doppler method one or more beams of acoustic energy are directed downward at an 
angle. The return echo frem the bottom is of a slightly different frequoney due to the 
motion of the c:aft. The amount of the change, or doppler, is proportional to the 
speed. By proper selection of beams, it is possible to measure speed in a lateral direction 
as well as in a forward direction. Distance can be determined by mechanical or elec- 
tronic integration of these measurements, and this can be converted into position. 
, By the inertial method, accclerometers mensure the acceleration in various directions, 

and by double integration this is converted to distauce, from which position can be 
determined. Either of these methods can provide considerable accuracy over a period 
of several hours, but. the error increases with time. 
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Problems 


806a. Draw a smal) area plotting sheet by either method explained in article 324, 


covering the area between latitude 32°-34°N and longitude 118°-122°W. Plot the 
following points: 


A L 33°49'1N C L 33°38i0N 
d 120°52:0W  118°38'6W 
B LL 32°17'4N D WL 32°30‘6N 
 121°28/0W A 118°36'2W 


Required.—(1) The bearings of B, C, and D from A. 

(2) ‘The course and distance of A, B, and C from D. 

Answers.—(1) Bas 198°5, Bac 095°5, Bap 124°; (2) Opa 304°, Dopa 138.8 mi, Cos 
264°5, Dopp 145.7 mi., Coe 358°5, Dog 67.2 mi. 


806b. Use the plot of problem 806a. A ship starts from A at 1200, and steams as 
follows: 
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Time Course Speed 


oe 120° 15 kn. 
ok 240° 15 kn, 
- 800 240° 17 kn. 3 
om 125° 20 kn. 3 
ae 090° 20 kn. 3 
9 ai 
on 015 10 kn. 4 
g 


Plot and label the dead reckoning course line and DR positions. 

Required.—(1) The dead reckoning nosition of the ship at 0500. 

(2) The bearing and distance of D from the 2300 DR position. 

(3) The course and distance from the 0500 DR position to C. 

(4) Estimated time of arrival (ETA), to the nearest minute, at Cif the ship proceeds 
directly from the 0500 DR position at 20 knots. 

Answers.—(1) 0500 DR: L 33°35/1N, \ 119°35'8W; (2) B 096°, D 66.0 mi.; 
(3) C 086°, D 48.1 mi.; (4) ETA 0724. 


8072. A ship on course 120°, speed 12 knots, is steaming through a current having . 
a set of 350° and a drift of 1.5 knots. 
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Required.—Course and speed made good. 3 
Answers.—Course made good 114°, speed made good 11.1 kn. z 
807b. The captain desires to make good a course 0: 180° through 2 current having ‘3 

a set of 090° and a drift of two knots, using a speed of 11 knots. 42 
Required.- -The course to steer and the speed made good. 2 
Answers.—Course to steer 1$0°5, spzed mado good 10.8 kn. 2 
807c. The cavtain desires to make good a course of 325° and a speed of 20 knots 2 

through a current having a set of 270° and a drift uf one knos. = 
Requ?. ed.—The course to steer and the speed to uso. 5 
Answers.—Course to steer 327°, sneed to use 19.4 kn. 
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CHAPTER IX 
THE SAILINGS 


901. Introduction.—Denad reckoning involves the determination of position by 
means of course and distance from a known position. A closély related problem is that 
of finding the course and distance from one point to another. Although both of these 
‘ problems are customarily solved by plotting directly on the chart, it occasionally 
becomes desirable to solve by computation, frequently by logarithms or traverse table 
(art. 1002, vol. II). The various methods of solution are collectively called the sailings. 

The various kinds of sailings are: 

1. Plane sailing is a method of solving the various problems involving a single 
course and distance, difference of latitude, and departure, in which the earth, or that 
part traversed, is regarded as a plane surface. Hence, the method provides solution for 
latitude of the point of arrival, but not for longitude of this point, one of the spherical 
sailings being needed for this problem. Because of the basic assumption that the earth 
* is flat, this method should not be used for distances of more than a few hundred miles. 

2. Traverse sailing combines the plane sailing solutions wren there are two or 
more courses. This sailing is a method of determining the equivalent course end distance 
made good by a vessel steaming along a series of rhumb lines. 

3. Parallel sailing is the interconversion of departure and difference of longitude 
when a vessel is proceeding due east or due west. This was a common occurrence when 
the sailings were first employed several hundred years ago, but only an incidental 
situation now. 

4. Middle- (or mid-) latitude sailing involves the use of the mid or mean latitude 
for converting departure to difference of longitude when the course is not due east or 
due west and it is assumed such course is steered at the mid latitude. 

5. Mercator sailing provides a mathematica] solution of the plot as made on a 
Mercator chart. It. is similar to plane sailing, but uses meridional difference and differ- 
ence of longitude in place of difference of latitude and departure, respectively. 

6. Great-circle sailing involves the solution of courses, distances, and points along 
a great circle !- tween two points, the earth being regarded as a sphere. 

7. Composite sailing is a modification of greet-circle sailing to limit the maximum 
latitude. 

The solutions of the sailings by computations are discusse’ in more detail in 
chapter X of volume II. 

902. Rhumb lines and great circles—The principal advantage of a rhumb line 
is that it maintains constant true direction. A ship following the rhumb line between 
two places does not change true course. A rhumb line makes the same angle with all 
meridians it crosses and appears as a straight line on a Mercator chart. It is adequate 
for most purposes of navigation, bearing lines (except long ones, as those obtained by 
radia) and course Fnes both being plotted on a Mercator chart as rhumb lines, except 
in high latitudes. The equator and the meridians are great circles, but may be considered 
special cases of the rhumb line. For any other case, the difference between the rhumb 
line and th great circle connecting two points increases (1) as the latitude increases, 

(2) as ti.. usfference of latitude between the two points decreases, and (3) as the difference 
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of longitude increases. It becomes very greut for two places widely separated on the 
same parallel of latitude far from the equator. 
A great circle is the intersection of the surface of a sphere and a plane through the 


center of the sphere. It is the largest circle that can be drawn on the surface of the | 


sphere, and is the snortest distance, along the surface, between anv two points on the 
sphere. Any two points are connected by only one great circle unless the points are 
antipodal (180° apart on the earth), and then an infinite number of great circles passes 
through them. Thus, two points on the same meridian are not. joined by any great 
circle other than the meridian, unless the two points are antipodal. If they are the 
poles, all meridians pass through them. Every great circle bisects every other great 
circle. Thus, except for the equator, every great circle lies half in the Northern Hemi- 
sphere and half in the Southern Hemispiiere. Any two points 180° apart on a great 
circle have the same latitude numerically, but contrary names, and are 180° apart su 
longitude. The point of greatest latitude is called the vertex. For each great circle 
there is one of these in each hemisphere, 180° apart. At these points the great circle 
is tangent to 4 parallel of latitude, and hence its direction is due east-west. On each side 
of these vertices the direction changes progressively until the intersection with the 
equator is reached, 90° away, where the great circle crosses the equator at an angle equal 
to the latitude of the vertex. As the grea. vircle crosses the equator, its change in 
direction reverses, again approaching east-west, which it reaches at the next vertex. 

On a Mercator chart a great circle appears as a sine curve extending equal. d-stances 
each side of the equator. The rhumb line connecting any two points of the great circle 
on the same side of the equator is a chord of the curve, being a straight line nearer 
the equator than the great circle. Along any intersecting meridian the great circle 
crosses at a higher latitude than the rhumb line. If the two points are on opposite 
sides of the equator, the direction of curvature of the great circle relative to the rhumb 
line changes at the equator. The rhumb line and great circle may intersect euch other, 
and if the points are equal distances on each side of the equator, the incersection takes 
place at the equator. 

903. Great-circle sailing is used when it is desired to take advantage of the shorter 
distance along the great circle between two points, rather than to follow the longer 
rhumb line. The arc of the great circle between the points is called the great-cirele 
track. If it could be followed exactly, the destination would he dead ahead throughout 
the voyage (assuming course and heading were the same). The rhumb line appears 
the more direct route on « Mercator chart because of chart distortion. The great 
circle crosses meridians at higher latitudes, where the distance between them is less. 

The decision as to whether or not to use great-cirele sailing depends upon the 
conditions. The saving in distance should he worth the additional effort, and of course 
the great circle should rot cross Juand, or carry the vessel into dangerous waters or 
eacessively high iatitudes. A slight departure from the great cirele cr a modification 
called composite sailing (art. 901) may effect a considerable sa.ing over the rhumb line 
track without leading the vessel into danger. If a fix indicates the vessel is a consider- 
able distance to one side of the great circle, the more desirable practice often is to 
determine a new great-circle track, ratlor than to return to the original one. 

Since a great circie is continuously changing direction as one proceeds along it, no 
attempt is customarily made to follow it exactly, except in polar regions (ch. XY). 
Rather, s number of points are selected +" = the great circle, and rhumb lines are 
followed from point to poin., taking advantage of the fact that for short distances & 
great circle end a rhumb line almost coincide. 

The number ef points to use is a matter of personal preference, a large number 
of points providing closer approximation to the great circle but requiring more frequent 
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change of course. As a general rule, each 5° of longitude is a convenient length. Legs 
of equal length are not provided in this way, but this is not objectionable under normal 
conditions. 
If a magnetic compass is used, the variation for the middle of the leg is usually i 
used for the entire leg. i 
The problems of great-circle sailing can be solved by (1) chart (art. 904), (2) 
computation (art. 1010, vol. II), (8) table (art. 905), (4) graphically, or (5) mechanically. 
Of these, (4) and (5) are but graphical or mechanical solutions of (2). They usually ’ 
provide solution only for initial course and the distance, end are not in common use. 
904. Great-circle sailing by chart—Problems of great-ciccle sailing, like those of 
thumb line sailing, are most easily solved by plotting direcviy on a chart. For this 
purpose the Defense Mapping Agency Hydrographic Center publishes a number of 
charts on the gnomonic projection (art. 317), covering the principal navigable waters 
of the world. On this projection any straight line is a great circle, but since the chart is 
not conformal (art. 302), directions and distances cannot be measured directly, as on a 
Ee Mercator chart. An indirect method is explained on each chart 
7) The usual method of using a gnomonic chart is to plot the great circle and, if it 
provides a satisfactory track, to determine a number of points along the track, using 
the lavitude and longitude scales in the immediate vicinity of each point. These points i 
are then transferred to a Mercator chart or plotting sheet and used as a succession { 
of destinations to be reached by rhumb lines. The course and distance for each leg is ' 
determined by measurement on the Mercator chart or plotting sheet. This method rl 
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vo is illustrated in figure 904, which shows a great circle plotted as a straight line on a 
gromonic chart and a series of points transferred to a Mercator chart. The arrows 
represent corresponding points on the two charts. The points can be plotted directly 
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Figure 904.—Transferring great-circle points from a gnomonic chart to a Mercator chart. 
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on plotting sheets without the use of a small-scale chart, but the use of the chart pro- 
vides a visual check to avoid large errors, and a visual indication of the suitability of 
the track. 

Since gnomonic charts are normally used only because of their great-circle prop- 
erties, they are often popularly called great-circle charts. 

A projection on which a straight line is approximately a great circle can be used 
in place of a gnomonic chart with negligible error. If such a projection is conformal, 
as in the case of the Lambert conformal (art. 314), measurement of course and distance 
of each leg can be made directly on the chart, as explained in article 2511. 

Some great circles are shown on pilot charts and certain other charts, together 
with the great-circle distances. Where tracks are recommended on charts or in sailing 
directions, it is good practice to follow such reconmmendations. 

905. Great-circle sailing by table—Any method of solving the astronomical 
triangle of celestial navigation can be used for solving great-circie sailing problems. 
When such an adaptation is made, the point of departure replaces the assumed position 
of the observer, the destination replaces t..¢ geographical position of the body, difference 
of longitude replaces meridian angle c. : cal hour angle, initial course angle replaces 
azimuth angle, and sreat-circie distance replaces zenith distance (90°—altitude), as 
shown in figure 905. Therefore, any table of azimuths (if the entering values are meridian 
angle, declination, and latitude) czn be used for determining initial great-cirele course. 
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Fictre 905.—Adapting the astronomical triangle to the navigational triangle of great-cirele sailing. be x 
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Pubs. Nos. 214, 229, 249, 260, and 261 are examples of tables that can be used for this 
purpose. Tcbles which provide solution for altitude, such as Pubs. Nos. 214, 229, and 
Z49, can be used for determining great-circle distance. The required distance is 
90° — altitude (90°-+ negative altitudes). 

In inspection tables such as Pubs. Nos. 214, 229, 249, 260, and 261, the given 
combination of L,, L., and DLo may not be tabulated. In this case reverse the name of 
Lz and use 180°~DLo for entering the table. The required course angle is then 180° 
minus the tabulated azimuth, and distance is 90° plus the altitude. If neither com- 
bination can be found, selution cannot be made by that method. By interchanging 
L, and L,, one can find the supplement of the final course angle. 

Solution by table often provides a rapid approximate check, but accurate results 
usually require triple interpolation (art. 204, vol. II). Except for Pub. No. 229, inspection 
tables do not provide a solution for points along the great. circle. Pub. No. 229 provides 
solutions for these points only if interpolation is not required. 

906. Great-circle sailing by Pub. No. 229.—By entering Pub. No. 229 with the 
latitude of the point of departure as latitude, latitude of destination as declination, and 
difference of longitude as LH A, the tabular altitude and azimuth angle may be extract- 
ed and converted to great-circle distance and course. As in sight reduction, the tables are 
entered in accordance to whether the name of the latitude of the point of departure is 
the same as or contrary to the name of the latitude of the destination (declination). 
If after so entering the tables, the respondent values correspond to those of a celestial 
body above the celestial horizon, 90° minus the are of the tabular altitude becomes the 
distance; the tabular azimuth angle becomes the initial grea*-circle course angle. If the 
respondents correspond to those of a celestial body below the celestial horizon, the are of 
the tabular altitude plus 90° becomes the distance; the supplement of the tabular azi- 
muth angle becomes the initial great-circle course angle. 

When the C-S Line is crossed in either direction, the altitude becomes negative; 
the body lies below the celestial horizon. For example: If the tables are entered with the 
LHA (DLo) at the bottom of a right-hand page and declination (L,) such that the 
respondents lie above the C-S Line, the C-S Line has been crossed. Then the distance 
is 90° plus the tabular altitude; the initial course angle is the supplement of the tabular 
azimuth angle. Similarly, if the tables are entered with the LHA (DLo) at the top of a 
right-hand page and the respondents are found below the C-S Line, the distance is 90° 
plus the tabular altitude; the initial course angle is the supplement of the tabular azi- 
muth angle. If the tables are entered with the LHA (DLo) at the bottom of a right-hand 
page and the name of L, is contrary to L;, the respondents are found in the column for 
L, on the facing page. In which case, the C-S Line has been crossed; the distance is 90° 
plus the tabular altitude; the initial course angle is the supplement of the tabular azi- 
muth angle. 

Inspection of figures 2007a and 2007b reveals that the data in a latitude column are 
continuous with the data in the column for the same latitude on the facing page. 

The tabular azirauth angle, or its supplement, is prefixed N or S for the latitude 
of the point of departure and suffixed E or W depending upon the destination being east 
or west of the point of departure. 

If all entering arguments are integral degrees, the distance and course angle are 
obtained directly from the tables without interpolation. If the latitude of the destination 
is nonintegral, interpolation for the additional minutes of latitude is done as in correct- 
ing altitude for any declination increment; if the latitude of departure or difference of 

longitude is nonintegral, the additional interpolation is done graphically. 
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Since the latitude of destination becomes the declination entry, and all declinations 
appear on every page, the great-circle solution can always be extracted from the volume 
which covers the latitude of the point of departure. 

Example 1.—By Pub. No. 229 (app. O) find the distance and initial great-circle 
course from lat. 32°S, long. 116°E to lat. 30°S, long 31°E. 

Solution.—(1) Refer to figure 905. The point of departure (lat. 32°S, long. 116°E) 
replaces the AP of the observer; the destination (lat. 30°S, long. 31°E) replaces the GP 
s of the celestial body; the difference of longitude (DLo 85°) replaces local hour angle 
(LHA) of the body. 

(2) The solution by Pub. No. 229 is effected by entering volume 3 with lat. 32° 
(Same Name), LHA 85°, and declination 30°. The respondents as so found correspond 
to these of a celestial body above the -elestial horizon. Therefore, 90° minus the tabular 
altitude (90°—19°12'4=70°47/6) becomes the dis.ance; the tabular azimuth angle 
(S66°0W) becomes the initial great-circle course angle, prefixed S for the latitude of 
the point of departure and suffixed W due to the destination being west of the point 
of departure. 

Answers.—(1) D 4248 nautical miles 

C S66°0W 
(2) Cn 246°0. t 

Example 2.—By Pub. No. 229 (app. O) find the distance and initial great-circle | 
course from lat. 38°N, long. 122°W to lat. 24°S, long. 151°E. i 

Solution. —(1) Refer to figure 905. The point of departure (lat. 38°N, long. 122°W) | 
replaces the AP of the observer; the destination (lat. 24°S, long. 151°E) replaces the 
GP of the celestial body; the difference of longitude (DLo 87°) replaces local hour angle 
(LHA) of the body. 
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(2) The solution by Pub. No. 229 is effected by entering volume 3 with lat. 38° 
(Contrary Name), LHA 87°, and declination 24°. The respondents as so found corre- 
spond to those of a celestial body bclow the celestial horizon. Therefore, the tabular 
altitude plus 90° (12°17/0+-90°=102°17/0) becomes the distance; the supplement of 
tabular azimuth angle (180°—69°0=111°0) becomes the initial great-circle course 
angle, prefixed N for the latitude of the pomt of departure and suffixed W due to the 
destination being west of the point of departure. 

hat the tabular data corresponds to a celestia! body below the celestial horizon 
is indicated by the fact that the data is extracted from those tabulations across the | 
C-S Line from the entering argument (LHA 85°). 
Answers—(1) D 6187 nautical miles | 
C N11150W | 
(2) Cn 249°. 

Example 8.—By Pub. No. 229 (app. O) find the distance and initial great-circle ; 
course from Fremantle (32°03’S, 115°45’E) to Durban (29°52’S, 31°04’E). 

Solution —(1) Refer to figure 905. Since the latitude of the point of depariurs, the 
latitude of the destination, and the difference of longitude (DL) between the point of 
departure and destination are not integral degrees, ‘-e solution is effected from an 
adjusted point of departure or assumed position of departure chosen as follows: the 
latitude of the assumed position (AP) is the integral degrees of latitude nearest to the 
point of departure; the longitude of the AP is chosen to provide integral degrees of DLo. 
This AP, which should be within 30’ of the longizude of the point of departure, is at 
latitude 32°S, longitude 116°04’E. The DLo is 85°. 

(2) Enter the tables with 32° as the latitude argument (Same Name), 85° as the 
LHA argument, and 29° as the declination arzument. 
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(3) From the tables extract the tabular altitude, altitude difference, and azimuth 
angle; interpolate altitude and azimuth angle for declination increment. The Dec. Inc. 
is the minutes that the latitude of the destination is in excess of the integral degrees 
used as the declination argument. 


ht (Tab. He) d Z 
LHA 85°, Lat. 32° (Same), Dec. 29° 18°45/4 (+)27/0 66°9 
Dec. Inc. 52’, d(+)27'0 Tens (+)17!3 
Units (+) 611 
Interpolated for Dec. Inc. 19°08'8 C Sé66ec1wW 
Initial great-circle course from AP Cn =. 24691 
Great-circle distance from AP(90°-19°08/8) 4251.2 n.mi. 


(4) Using the graphical method for interpolating altitude for latitude -nd LHA 
increments, tie course line is drawn from the AP in the direction of the initial great- 
circle course from the AP (246°1). As shown in figure 906a, a line is drawn from the 
point of departure perpendicular to the initial great-circle course line or its extension. 


50° 


40’ 50’ 116°E 
Figure 906a.—Graphical interpoiation. 


(5) The required correction, “1 units of minutes of latitude, for the latitude and 
DLo increments is the Jength along the course line between the foot of the perperdicular 
and the AP. The correction as applied to the distance from the AP is —15!8; the great- 
circle distance is 4235 nautical miles. 

(6) The azimuth angle interpolated for declination, LHA, and latitude incre- 
ments is S66°3W;; the initial great-circle course from the point of departrre is 246°3. 

Example 4.—By Pub. No. 229 (app. O) find the distance and initial great-circle 
course from San Francisco (37°49’N, 122°25’W) to Gladstone (23°51’S, 151°15’E). 

Solution —(1) Refer to figure 905. Since the latitude of the point of departure, 
the latitude of the destination, rnd the difference of longitude (DLo) between the point 
of departure and destination are not integral degrees, the solution is effected from an 
adjusted point of departure or assumed position of departure chosen as follows: the 
latitude of the assumed position (AP) is the integral degrees of latitude nearest to the 
point of departure; the longitude of the AP is chosen to provide integral degrees of 
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DLo. This AP, which should be within 30’ of the longitude of the point of departure, | 
is at latitude 38°N, longitude 122°45’W. The DLo is 86°. j 

(2) Enter the tables with 38° as the latitude argument (Contrary Name), 84° as | 
the LHA argument, and 23° as the declination argument. i 

(3) From the tables extract the tabular altitude, altitude difference, and azimuth , 
angle; interpolate altitude for Dec. Inc. as if the altitude were positive, adhering } 
strictly to the sign given d. After interpolation regard the results as negative. Subtract _ 
tabular azimuth angle from 180°; interpolate for Dec. Inc. 


ht(Tab. He) d Zz 
LHA 86°, Lat. 38° (Contrary), Dec. 23° 10°57/0 (+)3529 69°3 
Dec. Inc. 51’, d(+)35/9 Tens (+)25/5 180°—Z==110°7 ° 
Units (4-)5!1 - 
Interpolated for Dec. Inc. (—)11°27/6 C N11194W 
Initial great-circle course from AP Cn = 248°6 
Great-circle distance from AP (90°+11°27'6) 6087.6 n.mi. 


(4) Using the graphical method for interpolating altitude for latitude and LHA 
increments, tke course line is drawn from the AP in the direction of the initial great- 
circle course from the AP (248°6). As shown in figure 9060, a line is drawn from the | 
point of departure perpendicular to the course line or its extension. i 


Point of Departure 


10° §=123°w 50’ 40’ 30' 20" 
Fictre 906b.— Graphical interpolation. 


(5) The required additional correction, in units of minutes of latitude, for the iati- 
tude and DLo increments is the length along the course line between the foot of the 
perpendicular and the AP. The correction as applied to the distance from the AP is 
+10°7; the great-circle distance is 6098 nautical miles. 

(6) The azimuth angle interpolated for declination, LHA, and latitude increments 
is 111°2; the initial great-circle course from the point of departure is 248°8. 

Example §.—By Pub. No. 229 (app. O) find the distance and initial great-circle 
course from Cabo Pilar (52°43’S, 74°41’W) to Wake Island (19°17'N, 166°39’E). 

Solution —(1) Refer to figure 905. Since the letitude of the point of departure, 
the latitude of the destination, and the difference of longitude (DLo) between the 














































































































































































































THE SAILINGS 267 


point of departure and destination are not integral degrees, the solution is effected 
from an adjusted point of departure or assumed position of deperture chosen as follows: 
the latitude of the assumed position (AP) is the integral degrees of latitude nearest 
to the point of departure; the longitude of the AP is chosen to provide integral degrees 
= : of DLo. This AP, which should be within 30’ of the longitude of the point of departure, 
a _ is at latitude 53°S, longitude 74°21’W; the DLo is 119°. 

a (2) Enter the tables with 53° as the latitude argument (Contrary Name), 119° 
as the LHA argument, and 19° as the declination argument. Since the tables are en- 
tered with the LHA (DLo) at the bottom of a right-hand page and the name of L; is 
contrary to the name Ly, the respondents are found in the column for L, on the facing 
page. In which case the C-S Line has been crossed, and the respondents correspond to 
those of a celestial body below the celestial horizon. 

(3) From the table, extract the tabular latitude, altitude difference, and azimuth 
angle; interpolate altitude for Dec. Inc. as if the altitude were positive, adhering 
strictly to the sign given d. After interpolation regard the results as negative. Subtract 
tabular azimuth angle from 180°; interpolate for Dec. Inc. 






ht (Tab. He) d Z 
LHA 119°, Lat. 53° (Contrary), Dec. 19° 32°24'2 (-+)46/8 101°6 
Dee. Inc. 17’, d(+)47/1 Tens (+)11°3 180°—Z=S78°6W 
Units (+) 2/0 
Interpolated for Dec. Inc. (—)32°37°5 C S78°6w 
Initial great-circle course from AP Cn =. 258°6 
‘ Great-circle distance from AP (90°+-32°37/5) 7357.5 nmi. 


(4) Using the graphical method for interpolating altitude for latitude and LHA 
increments, the course line is drawn from the AP in the direction of the initial great- 
circle course from the AP (258°t,. As shown in figure 906c a line is drawn from the 
point of departure perpendicular to the course line or its extension. 


Point of Departure 








Rey aa 


53°S 





75°W 30" 74°W 


Figure 906c.—Graphical interpolation. 
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(5) The required additional correction, in units of minutes of latitude, for the 


iatitude and DLo increments is the length along the course line between the foot of : 
the perpendicular and the AP. The correction as applied to the distaace from the AP . 


is —8/5; the great-circle distance is 7249 nautical miles. 
(6) The azimuth angle interpolated for declination, LHA, and latitude increments 
is 79°1; the initial great-circle course from the point of departure is 229°1. 


Points Along Great Circle 


If, as in examples 1 and 2, the latitude of the puint of departure and the initial 
great-circle course angle are integral degrees, points elong the great circle are found 
by entering the tables with the latitude of .eparture as the Jatitude argument (always 
Same Name), the initial great-circle course angle as the LHA argument, and 90° minus 
distance to a point on the great circle as the declination argument. The latitude of 
the point on the great circle and the difference of longitude between that point and the 
point of departure are the tabular altitude and azimuth angle respondents, respectively. 
If, however, the respondents are extracted from across the C-S Line, the tabu'ar 
altitude corresponds to a latitude on the side of the equator opposite from that of ti.- 


point of departure; the tabular azimuth angle is the supplement of the difference of | 


longitude. 

Example 6.—Find a number of points along the great-circle from latitude 38°N, 
longitude 125°W when the initial great-circle course angle is N111°W. 

Solution.—(1) Entering the tables with latitude 38° (Same Name), LHA 111°, 
and with successive declinations of $5°, 80°, 75° . . . the latitudes and differences in 
longitude, from 125°W, are found as tabular altitudes and azimuth angles respectively: 


Distance n.mi. (are) 300(5°) 600(10°) 900{15°) 3600(60°) 4800(80°; 


Latitude 36°1N 33°ON 31°4N 326N 3°18 
DLo 5°8 11°3 16°55 54°1 6175 
Longitude 130°8W i36°3W 14]°5W 179°1W 173°5E 


Example 7.—Find a number of points along the great-circle from latitude 38°N, 
long. 125°W when the initial great-circle course ang!e is N69°W. 


Solution.—Entering the tables with latitude 38° (Same Name), LHA 69°, and © 


with successive declinations of §5°, 80°, 75° . . . the latitudes and differences of 
longitude, from i25°W, are found as tabular altitudes and azimuth angles, respectively: 


Distance n.mi.( src)  800(6°) — 600(10°) —- 900(15°)  6600(110°) —_7200(1£0°) 


Latitude 39°5N 40°ON 41°9N 3271N 3°6S 
DLo 621 1274 18°9 11895 125°S 
Longitude 131°1W 137°4W 143°9W 116°5E 109°1E 


The latitude and differen -e of longitude of the point 6600 miles frot.. the point of 
departure are found among tne data for the latitude of departure continued on the 
facing page. Since the respondents for the point 7200 miles from the point of departure 
are found across the C-S Line on the facing page, the tabular altitude corresponds to a 
latitude on the side of the equator opposite from that. of the point of departure; the 
tabular azimuth angle is the supplement of the difference of longitude. 
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Finding The Vertex 


4 
1. HO 
“ 


The use of Pub. No. 229 to find the approximate position of the vertex of a great- 
circle track provides a rapid check on the solution by computation. This approximate 
solution is also useful for voyage planning purposes. 

Using the procedures for finding points along the great circle, the column of data 
for the latitude of the point of departure is inspected to find the maximum value of 
tebular altitude. This maximum tabular altitude and the tabular azimuth angle cor- 
respond to the latitude of the vertex and the difference of longitude of the vertex and 
the point of departure. 

Example 7.—Find the vertex of the great-circle track from lat. 38°N, long. 125°W 
when the initial great-circle course angle is N69°W. 

Solution. —(1) Enter Pub. No. 229 with lat. 38° (Same Name), LHA 69°, and 
inspect the column for tat. 38° to find the maximum tabular altitude. 

(2) The maximum tabular altitude is found to be 42°38/1 at a distance of 1500 
nautical miles (90°—65°=25°) from the point of departure. The corresponding tabular 
azimuth angle is 32°4. Therefore, the difference of longitude of vertex and point of 
departure is 32°4. 

Answers.—(1) Latitude of vertex 42°38/1N. 

(2) Longitude of vertex 157°4W. 

907. Altering a great-circle track to avoid obstructions.—Great-circle sailing 
cannot be used unless the great-circle track is free from obstructions. It does not 
start until one clears the harbor and takes his departure (ert. 806), and often ends near 
the entrance to the destination. However, islands, points of land, or other obstructions 
may prevent the use of great-circle sailing over the entire distance. One of the principal 
advantages of solution by great-circle chart is that the presence of any obstructions is 
immediately apparent. 

Often a relatively short run by rhumb line is sufficient to reach a point from which 
the great-circle track can be followed. Where a choice is possible, the rhumb line 
selected should conform as nearly as practicable to the direct great circle. 

If the great circle crosses a small island, one or more legs may be altered slightly, 
or perhaps the drift of the vessel will be sufficient to make any planned alteration un- 
necessary. The possible use of the island in obtaining an en route fix should not be 
overlooked. If a larger obstruction is encountered, as in the case of the Aleutian Islands 
on a great circle from Seattle to Yokohama, some judgment may be needed in selecting 
the track. It may be satisfactory to follow a great circle to the vicinity of the obstruction, 
one or more rhumb lines along the edge of the obstruction, and another great circle to 
the destination. Another possiole solution is the use of composite sailing (art. 908), 
and still another the use of two great circles, one from the point of departure to a point 
near the maximum latitude of unobstructed water, and the second from this point. to 
the destination. 

It is sometimes desirable to alter a great-circle track to avoid unfavorable winds 
or currents. The shortest route is not always the quickest. 

Whatever the problem, a great-circle chart can be helpful in its solution. 

908. Composite sailing —-When the great circle would carry a vessel to a higher 
latitude than desired, a modification of great-circle sailing, called composite sailing, 
may be used to good advantage. The composite track consists of a great circle from 
the point of departure and tangent to the limiting parallel, a course line along the 
parallel, and a great circle tangent to the limiting parallel and through the destination. 
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270 THE SAILINGS 


Solution of composite sailing problems is most easily made by ineans of a great- 
circle chart. Lines from the point of departure and the destination are drawn tangent 
to the limiting-parallel. ‘Che coordinates of various selected points along the composite 
track are then measured and transferred to a Mercator chart, as in great-circle sailing 
(art. 904). 


Composite sailing problems can also be solved by computation (art. 1011, vol. II). 
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CHAPTER X 
PILOTING 


General 


1001. Introduction—On the high seas, where there is no immediate danger of 
grounding, navigation is a comparatively leisurely process. Courses and speeds are 
maintained over relatively long periods, and fixes are obtained at convenient intervals. 
Under favorable conditions a vessel might continue for several days with no positions 
other than those obtained by dead reckoning, or by estimate, and with no anxiety on 
the part of the captain or navigator. Errors in position can usually be detected and 
corrected before danger threatens. 

In the vicinity of shoal water the situation is different. Frequent or continuous 
positional information is usually essential to the safety of the vessel. An error, which 
on the high seas may be considered small, may in what are called pilot waters be in- 
tolerably large. Frequent changes of course and speed are common. The proximity of 
other vessels increases the possibility of collisions and restricts movements. 

In some waters the services of a specially qualified navigator having local knowl- 
edge may be necessary to insure safe navigation. Local knowledge extends beyond that 
publicly available in charts and publications, being more detailed, intimate, and cur- 
rent. The pilot’s knowledge of his waters is gained not only through his own experience 
and familiarity, but by his availing himself of all local information resources, public 
and private, recent and longstanding, particularly concerning underwater hazards 
and obstructions, uncharted above-water landmarks and topographical configurations, 
local tides and currents, recent shoaling, temporary changes or deficiencies in aids to 
navigation, and similar matters of local concern. This local knowledge should enable a 
pilot to traverse his waters safely without reliance on man-made aids to navigation and 
to detect any unusual conditions or departure from a safe course. This service does not 
substitute for the ship’s own safe navigation, but complements it. Prudence may also 
dictate the use of this specially qualified navigator to better insure safe navigation in 
situations where local knowledge is not essential. This navigator specially qualified for 
specific waters is called a pilot; his services are referred to as pilotage or piloting. 

In its more general sense, the term piloting is used to mean the art of safely conduct- 
ing a vessel on waters the hazards of which make necessary frequent or continuous 
positioning with respect to charted features and close attention to the vessel’s draft 
with respect to the depth of water. Except for special circumstances, such as proceeding 
along a range (art. 1004), this positioning normally must be effected by constructing 
a plot on the chart based upon accurate navigational observations of charted features. 

No other form of navigation requires the continuous alertness needed in piloting. 
At no other time is navigational experience and judgment so valuable. The ability 
to work rapidly and to correctly interpret all available information, always keeping 
“ahead of the vessel,’’? may mean the difference between safety and disaster. 

1002. Preparation for piloting —Because the time element is often of vital im- 
portance in piloting, adequate preparation is important. Long-range preparation 
includes the organization and training of those who will assist in any way. This includes 
271 
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272 PILOTING 


the steorsman, who will be granted loss toloranco in straying from the proscribed course 
than whon farthor offshore, 

Tho more immediate preparation includes a study of the charts and publications 
of the area to familiarize oneself with the channels, shoals, tides, currents, aids to 
navigation, etc, One seldom has time to seck such information once ho is proceeding 
in pilot waters. This preparation also includes the development of a definite plan for 
transiting the hazardous waters, Since the services provided by pilots having local 
knowledge aro usually advisory, prudence dictates that tho regularly assignod naviga- 
tional personnol be advised of the pilot’s plan, Otherwise, their ability to counteract 
any imprudent action ‘on the part of the pilot may be severcly limited, Also, knowledge | 
of the pilot's plan cnables the regularly assigned navigational personnel to act more 
effectively in verifying that the pilot is making o safe pasinge. The more detailed 
preparation required for Joaving or entering port is given in chapter XXIII, 


Position 


1003. Lines of position.—As in celestin! and radionavigation, piloting makes 
extensive use of Hines or position. Such a lino is one on somo point of which tho vessel 
may be presumed to be located, ax a result of observation or measurement, It may be 
highly reliable, or of questionable accuracy. Lines of position aro of great value, but 
one should always keep in mind that they can be in error because of imperfoctions in 
instruments used for obtaining them and human limitations in those who uso the 
instruments and utilize the results, Tho extent to which one can have confidence in 
various lines of poxition is a matter of judgment acquired from experience. 

A lino of position might be o straight lino (actually a part of a great circlo), an 
arc of a circle, or part of somo other curve such as a hyperbola (art. 134, vol. 11). An 
approprinte label should be placed on tho plot of a lino of position ad the time it ta drawn, 
to avoid possible error or confusion. A label should include all information ossontial 
for identification, but no extraneous information. The labels shown in this volume are 
recommended, 

1004. Bearings.—A bearing is the horizontal direction of ono terrestria! point from 
another. It is usually expressed os the angular differonce between a roference direction 
and the given direction. In navigation, north is goncrally used as tho reference direc- 
tion, und angles ure measured clockwise through 360°, It is customary to express al] 
bearings in three digits, using preliminary zeros where needed. Thus, north is 000° 
or 360°, u direction 7° to the right of north is 007°, cast is 000°, southwest is 225°, cto. 

For plotting, (rue north is used ox the reference direction. A bearing moasured 
from this reference is called a true bearing. A magnetic, compass, or grid bearing 
results from using magnotic, compass, or grid north, respectively, as the reference 
direction, This is similar to the designation of courses. In tho case of bearings, however, 

one additional reference direction is often convenient. This is the heading of the ship. 
A bearing expressed os angular distance from the heading is called a relative bearing. 
It is usually measured clockwise through 360°. A relative bearing may be expressed in 
still anothor way, ns indicated in figure 1004, Except for dead ahead and points at 45° 
intervals from it, this mothod is used principally for indicating directions obtained 
visually, without preciso measuroment. An even moro general indication of rolntive 
bearing may bo given by such directions as “ahead,” “on tho starboard bow,” “or the 
port quarter,” “astern.” Tho term abeam may bo used as tho equivalent of cither the 
genoral “on the beum” or, sometimes, the more preciso “broad on the benin.”” Degrees 
ate sometimes used instead of points to express relative bearings by the system illus- 
trated in figure 1004, Howover, if degrees aro used, a botter practice ix to use the 360° 






























































































PILOTING 273 


system. Thus, a relative bearing of “20° forward of the port beam” is better expressed 
as 290°.” 

True, magnetic, and compass bearings are interconverted by the use of variation 
and deviation, or compass error, in the same manner as courses. Interconversion of 
relative and other bearings is accomplished by means of the heading. If true heading 
is added to relative bearing, true bearing results. If magnetic, compass, or grid heading 
is added to relative bearing, the corresponding magnetic, compass, or grid bearing is 
obtained. : 
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Fiaure 1004.—One method of expressing reiative bearings. 


A bearing line extending in the direction of an observed bearing of a charted object 
is one of the mest widely used lines of position. If one knows that an identified land- 
mark has a certuin bearing from his vessel, the vessel can only be on the line at which 
such a bearing might be observed, for at any other point the bearing would be different. 
This line extends outward from the landmark, along the reciprocal of the observed 
bearing. Thus, if a lighthouse is east of a ship, that ship is west of the lighthouse. 
Tf a beacon bears 156°, the observer must be on a line extending 156°+180°=336° 
from the beacon. Since observed bearing lines are great circles, this relationship is 
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PILOTING 


not strictly accurate, but the error is significant only where the great circle departs 
materially from the rhumb line, as in high tatitudes (ch. XXV). 

Bearings are obtained by compass, gyro repeater, pelorus, alidade, radar, etc. 
One type of bearing can be obtained by eye without measurement. When two objects 
appear directly in line, one behind the other, they are said to be “in range,” and together 
they constitute a range. For accurately charted objects, a range may provide the most 
accurate line of position obtainable, and one of the easiest to observe. Tanks, steeples, 


towers, cupolas, etc., sometimes form natural ranges. A navigator should be familiar , 
with prominent ranges in his operating area, particularly those which can be used to ' 


mark turning points, indicate limits of shoals, or define an approach heading ox let-go 
point of the anchorage of a naval vessel. So useful is the range in marking a course 


that artificial ranges, usually in the form of two lighted beacons, have been installed . 


in line with channels in many ports. A vessel proceeding along the channel has only 
to keep the beacons in range to remain in the center of the channel. If the farther beacon 


(customarily the higher one) appears to “‘open out” (move) to the right of the forward , 


(lower) beacon, one knows that he is to the right of his desired track. Similarly, if it 
opens out to the left, the vessel is off track to the left. 
The line defined by the range is called a range line or leading line. Range day- 


beacons (art. 412) and other charted objects forming a range are often called leading | 


marks. Range lights (art. 402) arc often called leading lights. 

It is good practice to plot only a short part of a line of position in the vicinity of 
the vessel, to avoid unnecessary confusion and to reduce the chart wear by erasure. 
Particularly, one should avoid the drawing of lines through the chart symbol indicating 
the landmark used. In the case of a range, a straightedge is placed along the two objects, 
and the desired portion of the line is plotted. One need not know the numerical value of 
the bearing represented by the line. However, if there is any doubt as to the identifica- 
tion of the objects observed, the measurement of the bearing should prove useful. 

A single bearing line is labeled with the time above the line. 

1005. Distance.—If a vessel is known to be a certain distance from an identified 
point on the chart, it must be somewhere on a circle with that point as the center and 
the distance as the radius. A single distance (~ange) arc is labeled with the time above 
the line. 

Distances are obtained by radar, range finder, stadimeter, synchronized sound and 
radio signals, synchronized air and water sounds, vertical sextant angles (table 9), etc. 
If vertical sextant angles are used, measurement shouid be made from the top of the 


object to the visible sea horizon, if it is available. If measurement is made to a water } 
line not vertically below the top of the object, a problem may be encountered because | 


distance from table 9 is to the point vertically below the top of the object, while the 


distance used for entering table 22 to determine dip short of the horizon is to the water I 
line. Generally, any differences in these two distences can be determined from the i 
chart. This problem may, in some cases, be avoided by decreasing the height of eye ; 


sufficiently to bring the horizon between the observer and the object. 

1006. The fix.—A line of position, however obtained, represents a series of possible 
positions, but not a single position. However, if two simultaneous, nonparallel lines of 
position are available, the only position that satisfies the requirements of being on 
both lines at the same time is the intersection of the two lines. This poine is one form 


of fix. Examples of several types of fix are given in the illustrations. In ‘igure 1006e , 
a fix is obtained from two bearing lines. The fix of figure 1006b is obtained ky two © 


distance circles. Figure 1006c illustrates a fix from a range and a distance. In figure 


1006d « bearing and distance of a single object are used. A small circle is used to :ndi- |. 
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PILOTING 


cate the fix at the intersection of the lines of position. The time of the fix is the time at 
which the lines of position were established. 

Some consideration should be given to the selection of objects to provide a fix. 
It is essential, for instance, that the objects be identified. The angle between lines of 
position is important. The ideal is 90°. If the angle is small, e slight error in measuring 
. or plotting either line results in a relatively large error in the indicated position. In the 
case of a bearing line, nearby objects are preferable to those at a considerable distance, 
because the linear (distance) error resulting from an angular error increases with 
distance. 


xy 
Mea? 


syst 
a 


ei Pag MELE oh 


E 


} 
\ 


Ficure 1006b.—A fix by two distances. 
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Fictre 1006c.—A fix by a range and distance. Fiaure 1006d.—A fix by distance and bearing 
of single object. 


Another consideration is the type of object. Lighthouses, spires, flagpoles, etc., 
are good objects because the point of observation is well defined. A large building, most 
nearby mountains, a point of land, etc., may leave some reasonable doubt as to the 
exact point used for observation. If a tangent is used (fig. 10062), there is a possibility 












































































































































































































































276 PILOTING 


that 2 low spit may extend seaward from the part observed. A number of towers, 
chimneys, etc., close together require careful identification. A buoy or a lightship may 
drag anchor and be out of position. Most buoys are secured by a single anchor and so 
have a certain radius of swing as the tide, current, and wind change. 


Although two accurate nonparallel lines of position completely define a position, 
if they are taken at the same time, an element of doubt always exists as to the accuracy — 


of the lines. Additional lines of position can serve as a check on those already obtained, 
and, usually, to reduce any existing error. If three lines of position cross at a common 
point, or form a small triangle, it is usually a reasonable assumption that the position is 
reliable, and defined by the center of the figure. However, this is not necessarily so, 
and one should be aware of the possibility of an erroneously indicated position. 

A single bearing line of an accurately charted object will be offset from the observ- 
er’s actual position by an amount dependent upon the net angular error of the observa- 
tion and plot, and the distance of the charted object from the observer. The amount 
of offset is expressed approximately in the Rule of Sixty, which may be stated as follows: 
The offset of the plotted bearing line from the observer's actual position is 1/60th of the distance 
to the object observed for each degree of error. In the derivation of the Rule of Sixty, the 
assumption is made that the angular error is small, i.e., not more than the small errors 
normally associated with compass observations and plotting. Using this assumption, 
the sine function of the angular error is taken as equal to the same number of radians 
as the error. As shown in figure 1006e, the offset is equal to 1/60th of the distance to the 
charted object observed times the sine of the angular error of the bearing line as plotted. 
Thus, an error of 1° represents an error of about 100 feet if the object is 1 mile distant, 


1,000 feet if the object is 10 miles away, and 1 mile if the object is 60 miles from the 
observer. 


TANCE_TO_BEACON 
e€° 





PLOTTED BEARING LINE 


Fictre 1006e.—B. sis of the Rule of Sixty. 


1007. Two-bearing plot.—If as shcwn in figure 1007a, the observer is located at 
point T and the bearings of a beacon and cupola are observed and plotted without error, 
the intersection of the bearing lines lies on the circumference of a circle passing through 
the beacon, cupola, and the observer. With constant error, i.e., an error of fived magnitude 
and sign (or direction) for a given set of observations, the angular ciuierence of the 
bearings of the beacon and the cupola is not affected. Thus, the angle formed at point 
F by the bearing lines plotted with constant error is equal to the angle formed at point 
T by the bearing lines plotted without error. From geometry it is known that angles 
having their apexes on the circumference of a circle and that are subtended by the 
same chord are equal. Since the angles at points T and F are equal and the angles are 
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subtended by the same chord, the intersection at point F lies on the circumference 
of a circle passing through the beacon, cupola, and the observer. 

Assuming only constant error in the plot, the direction of displacement of 
the two-bearing fix from the position of the observer is in accordance with the 
sign (or direction) of the constant error. However, a third bearing is required to de- 
termine the direction of the constant error. 

Assuming only constant error in the plot, the two-bearing fix lies on the circum- 
ference of the circle passing through the two charted objects observed and the observer. ; 
The fix error, i.e., the length of the chord FT in figure 1007b, is dependent upon the z 
magnitude of the constant error ¢, the distance between the charted objects, and the 
cosecant of the angle of cut, angle 6. In figure 1007b, 
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Ficore 1007a.—Twe-bearing plot. Figure 1007b.—Two-bearing plot with con- 


stant error. 


Thus, the fix error is least when the angle of cut is 90°. As illustrated in figure 
i. 1007c, the error increases in accordance with the cosecant function as the angle of cut 
eae decreases. The increase in the error becomes quite rapid aiter the angle of cut has de- 
creased to below about 30°. With an angle of cut of 30°, the fix error is about twice that 
at 90°. 
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Figure 1007c.—Error of two-bearing plot. 





1008. Three-bearing plot——Assuming only constant error in the plot, the plot 
of three bearing lines forms a triangle of error, sometimes called cocked kat. As shown 
in figure 1608a, each apex of the trianv'e lies on the circumference of a circle passing 
through the two respective beacons and carver at point 7. 
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Ficurr 1008a,—Triangle of error. Fictre 1008b.—Threc-bearing plot. 


The same situation is shown in figure 1008b, but only two of the circles are drawn 
through their respective beacons. For the set of angular differences established by the 
differences of the bearing observations, the observer can be located only at the inter- + 
section of the two circles at point T. Note that point Tis not inside the triangle in | 89 
this instance. If all error is due to constant error and the bearing spread, i.e., the angular {~~ ~~” 
difference between the extreme left and right beacons, is less than 180°, point T is 
always outside the triangle. If all error is due to constant error, and the bearing spread 4, 
is greater than 180°, point J is always inside the triangle as shown in figure 1008c. os 






























































































































































































































PILOTING 279 


With a bearing spread greater than 180°, and assuming only constant error, the 
fix position in a three-bearing plot forming a triangle of error is the geometric center 
of the triangle as shown in figure 1008c. The geometric center is located at the inter- 
section of the bisectors of the three interior angles as illustrated in figure 1008d. 





Figure 1008.—Three-bearing plot. Ficure 1008d.—Bisecting the interior angles 


of a triangle of error. 


With a bearing spread less than 180°, and assuming only constant error, the 
fix position in a three-bearing plot forming a triangle of error lies outside the triangle 
at the point of common intersection obtained by rotating each bearing line an equal 
amount in the same direction. This common intersection lies at the intersection of the 
bisectors of the appropriate two adjacent exterior angles and the opposite interior 
angle. Examination of figure 1008e, and similar constructions for bearing spreeds of 
tess than 180°, reveals that the common intersection cannot lie within the area bounded 
by the bearing lines extending from the triangle toward their respective objects. Fur- 
ther examination reveals that of the two remaining sets of adjacent exterior angles 
being investigated to determine that set which, with its opposite interior angle, should 
be bisected to determine the common intersection, only one set is immediately adjacent 
to the area bounded by the beering lines extending from the triangle toward their 
respective objects. The set adjacent to the latter area is the set to be bisectea. 


COMMON INTERSECTION 
CANNOT BE IN THIS AREA. 





CANNOT BE IN THIS AREA. 


Fictre 1008e.—Bisecting the exterior angles of a triangle of error. 
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280 PILOTING 


1009. Adjusting a fix for constant error.—If several fixes obtained by bearings on 
three objects produce triangles of error of about the same size, one might reasonably 
suspect a constant error in the observation of the bearings, particularly if the same 


instrument is used for all observations, or in the plotting of the lines. If the application | 
of a constant error to all bearings results in a point, or near-point fix, the navigator is | 
usually justified in applying such a correction. This situation is illustrated in figure - 
1009a, where the solid lines indicate the original plot, and the broken lines indicate each _ 


line of position moved 3° in a clockwise direction. If different instruments are used for 
observation, one of them might be consistently in error. This might be detected by 


altering all bearings observed by that instrument by a fixed amount and producing good 


fixes 


When there is indication of cui.tant error in a cross-bearing plot, the Franklin 


Piloting Technique can be used for rapid determination of the direction and magnitude 


of the error. The use of the technique avoids the delays associated with the trial and , 


error method (fig. 1009a). Being a rapid n.ethod for determining with sufficient accuracy 
the normally small errors of the compass, the technique provides a means for maintaining 


the cross-bearing plot even when the compass error is variable from one round of bear- . 
ings to the next. To apply the technique when there is indication of constant error | 


in the plot, the navigator selects three objects for his next round of bearings in accord- 
ance with the following rules: 

1. Two of the three objects should be nearby so that the displacements of the'r 
plotted bearings lines from the observer’s actua! position, as a result of asmall constant 
error, will be small. 

2. The third object shou!d be at least two and one-half times the distance of the 
farther of the two nearby objects so that the displacement of its plotted bearing line 
from the observer's actual position, as a result of a small constant error, will be relatively 
large. 

3. Preferably, the third object should lie in a direction from the observer approxi- 
mately parallel to a line between the two nearby objects. 

With selection as in (3) above, the line drawn from the third object to the inter- 
section of the bearing lines of the two nearby objects is nearly tangent to the circle 
through these nearby objects and the observer’s actual position (fig. 1009b). Being 
nearly tangent to this circle, the line drawn from the most distant object passes close 
to the observer's actual position, which is close to the point of tangency for small con- 
stant errors. 


As shown in figure 1009b, the bearing lines through nearby objects A and B inter- | 
sect at F on the circle through A, B, and the observer's actual position at point T. The | 
acute angle between the plotted bearing line through distant object C and a line from {| - - 
C to T is exactly equal to the error, assuming that all error is due to a constant com- ' =~ 
pass error. It follows that the acute angle between the plotted bearirg line through ©- - 


distant object C and the line from C to Fis approximately equal to the error. 

Because the objects observed in figure 1009b lie within a bearing spread of 180°, 
the most probable position of the fix is outside the triangle of error. The fix is deter- 
mined from the set of adjacent exterior angles (and opposite interior angle) which are 
immediately adjacent to the area formed by the three lines extending from the triangle 
of error toward the observed objects. 

From geometry, the fix cennot lie within the shaded area (fig. 1009c); the fix 
cannot lie within the triangle of error; the fix is determined by ihe set of adjacent 
exterior angles of the triangle of error which are immediately adjacent to the shaded 
area. The adjacent set.establishes the fix at T. 
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Fiaurs 1009a.—Adiusting a fix for constant error. 
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Fieure 1009b.—Selection of charted objects for observation. 


Although the foregoing use of the geometry of the cross-bearing plot could be 

~ used to find the direction of the constant error, the Franklin technique provides a 
simpler means. However, a reference direction must first be established. This reference : 
direction is used to determine whether the plotted bearing line of one of the three Be 
objects lies to the left or right of the intersection of the bearing lines of the other two. 

on For example, in the left-hand plot of figure 1009d the intersection at Fis taken as being 
to the right of the plotted bearing line of object C. 
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Fieure 1009c.-—Determining the most probable position cf the fix. 
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Fiaure 1009d.—Determining constant error when bearing spread is less than 180°. 


When the bearing spread is less than 180°, the direction of either the extreme left- 
hand or right-hand object from the observer’s approximate position is used as the refer- 
ence direction. When the bearing spread is greater than 180°, the direction of any one 
of the three objects from the observer’s position can be used as the reference direction. 

If the bearing spread is less than 180° and the plotted bearing line extended through 
the extreme left-hand or right-hand object lies to the right of the intersection of the 
other two plotted bearing lines (fig. 1009d), the error is east; otherwise the error is 
west. 

If the bearing spread is greater than 180° and the plotted bearing line through one 
object lies to the right of the intersection of the other two plotted bearing lines, the 
error is east; otherwise the error is west. 

1010. Nonsimultaneous observations.—For fully accurate results, observations 
made to fix the position of a moving vessel should be made simultaneously, or nearly 
so. On a slow-moving * essel, relatively little error is introduced by making se eral 
observations in quick succession. A wise precaution is to observe the objects more 
nearly ahead or ustern first, since these are least affected by the motion of the observer. 
However, when it is desired to obtain a good estimate of the speed being made good, 
it may be desirable to observe the most rapidly changing bearing first, assuming that 
such observation can be better coordinated with the time “mark.” 

Sometimes it is not possible or desirable to make simultaneous cr nearly simul- 
taneous observations. Such a situation may arise, for instance, when a single object 
is available for observation, or when all available cbhjects are on nearly the same or 
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reciprocal bearings, and there is no means of determining distance. Under such con- 
ditions, a period cf several minutes or more may be permitted to elapse between observa- 
tions to provide lines of position crossing at suitable angles. When this occurs, the lines 
can be adjusted to a common time to obtain a running fix. Refer to figure 1010a. 
A ship is proceeding along a coast on course 020°, speed 15 knots. At 1505 lighthouse L 
bears 310°. If the line of position is accurate, the ship is somewhere on it at the time of 
observation. Ten minutes later the ship will have traveled 2.5 miles in direction 020°. 
If the ship was at A at 1505, it will be at A’ at 1515. However, if the position at 1505 was 
B, the position at 1515 will be B’. A similar relationship exists between C and C’, D and 
D', E and E’, atc. Thus, if any point on the original line of position is moved a distance 
equal to the distance run, and in the direction of the motion, a line through this point, 
parallel to the original line of position, represents all possible positions of the ship at 
the later time. This process is called advancing a line of position. The moving of a line 
back to an earlier time is called retiring a line of position. 

The accuracy of an adjusted line of position depends not only upon the accuracy of 
the original line, but also upon the reliability of the information used in moving the line. 
A small error in the course made good has little effect upon the accuracy of a bearing 
line of an object near the beam, but maximum effect upon the bearing line of an object 
nearly ahead or astern. Conversely, the effect of an error in speed is maximum upon 
the bearing line of an object abeam. The opposite is true of circles of position. The 
best estimate of course and speed made good should be used in advancing or retiring a 
line of position. 

If there are any changes of course or speed, these should be considered, for the 


- motion of the line of position should reflect as accurately as possible the motion of the 
. observer between the time of observation and the time to which the line is adjusted. 
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Figure 1010a.— Advancing a line of position. 
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Perhaps the easiest way to do this is to measure the direction and distance between 
dead reckonin;: or estimated positions at the two times, and use these to adjust some 
point on the line of position. This method is shown in figure 1010b. In this illustration 


rT 
HR 


SET AND DRIFT 


Ficure 1010b.—Advancing a line of position with a change in course and speed, and allowing for 


allowance is made for the estimated combined effect of wind and current, this effect 
being plotted as an additional course and distance. If courses and speeds made good 
over the ground are used, the separate plotting of the wind and current effect is not 
used. In the illustration, point A is the DR position at the time of observation, and 
point B is the estimated position (the DR position adjusted for wind and current) at 
the time to which the line of position is adjusted. Line A’B’ is of the same length 
and in the same direction as line AB, 
Other techniques may be used. The position of the object observed may be ad- - 
vanced or retired, and the line of position drawn in relation to the adjusted position. 
This is the most satisfactory method for a circle of position, as shown in figure 1010c. 
When the position of the landmark is adjusted, the advanced line of position can be _ 
laid down without plotting the original line, which need be shown only if it serves a - 
useful purpose. This not only eliminates part of the work, but reduces the number of - ~ 
lines on the chart, and thereby decreases the possibility of error. Another method is 
to draw any line, such as a perpendicular, from the dead reckoning position at the time 
of observation to the line of position. A line of the same length and in the same direc- 
tion, drawn from the DE. position or EP at the time to which the line is adjusted, locates 
& point on the adjusted line, as shown in figure 1010d. If a single course and speed is 
involved, common practice is to measure from the intersection of the line of position 
and the course line. If the dividers are set to the distance run between bearings an 
placed on the chart so that one point is on the first bearing line and the other noin 
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Fieure 1010c.—Advancing a circle of position. 


SET ANDO DRIFT 


Fievre 1010d.—Advancing a line of position by its relation to the dead reckoning. 
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is on the second bearing line, and the line connecting the points is parallel to the course 
line, the points will indicate the positions of the vessel at the times of the bearings. 

An adjusted line of position is labeled the same us an unadjusted one, except that 
both the time of observation and the time to which the line is adjusted are shown, as 
in the illustrations of this article and article 1011. Because of additional sources of 
error in adjusted lines of position, they are not used when satisfactory simultaneous 
lines can be obtained. 
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Fiavre 1011a.—A running fix by two bearings on the same object. 


1011. The running fix.—As stated in article 1010, a fix obtained by means of lines of 
position taken at different times and adjusted to a common time is called a running fix. 
In piloting, common practice is to advance earlier lines to the tima of the last observation. 
Figure 10112 illustrates a running fix obtained from two bearings of the same object. 
Tn figure 1011b the ship changes course and speed between observations of two objects. 
A running fix by two circles of position is shown in figure 1011c. 

When simultaneous observations are not available, a running fix may provide the 
most reliable position obtainable. The time between observations should be no longer 
than about 30 minutes, for the uncertainty of course and distance made good increases 

' with time. 
: The errors applicable to a running fix are those resulting from errors of the indi- | 
vidual] lines of position. However, a given error may have quite a different effect upon © 
the fix than upon the line of position. Consider, for example, the situation of an un- | 
known head current. In figure 1011d a ship is proceeding along a coast, on course 
250°, speed 12 knots. At 0920 light A bears 190°, and at 0980 it bears 143°. If the © 
earlier bearing line is advanced a distance of two miles (ten minutes at 12 knots) in : 
the direction of the course, the running fix is as shown by the solid lines. However, |. -- 
if there is a head current of two knots, the ship is making good a speed of only ten knots, 
and in ten minutes will travel a distance of only 1% miles. If the first bearing line is 
advanced this distance, as shown by the broken line, tne actual position of the ship is 
at B. This is nearer the beach than the running fiz, and therefore a dangerous situation. | 
A following current gives an indication of position too far from the object. Therefore, if | 
a current parallel to the course (either head or following) is suspected, a minimum 
estimate of speed made good will result in possible margin of safety. If the second 
bearing is of a different object, a maximum estimate of speed should be made if the 
second object is on the same side and farther forward, or on the opposite side and farther 
aft, than the first object was when observed. All of these situations assume that danger 
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Fiaure 1011b.—A running fix with a change of course and speed between observations on separate 
landmarks, 
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Figure 1011¢c.—A running fix by two circles of position. 


is cn the same side as the object observed first. If there is either a head or following 
current, a series of running fixes based upon a number of bearings of the same object 
will plot in a straight line parallel to the course line, as shown in figure 101le. The 
plotted line will be too close to the object observed if there is a following current, and 
too far out if there is a head current. ‘The existence of the current will not be apparent 
unless the actual speed over the ground is known. The position of the plotted line 
relative to the dead reckoning course line is not a reliable guide. 
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Ficure 1011d.—Effect of a head current on a running fix. 


A current oblique to the course will result in an incorrect position, but the direction —° *- 
of the error is indeterminate. Jn general, the effect of a current with a strong head or j 
following component is similar to that of ¢ head or following current, respectively. The 
existence of an oblique current, but not its amount, can be detected by observing and | 
plotting several bearings of the same object. The running fix obtained by advancing ; 
one bearing line to the tim. of the next one will not agree with the running fix obtained } 7 
by advancing an earlier line. Thus, if bearings A, B, and C are observed at five-minute | 
intervals, the running fix obtained by advancing B to the time of C will not be the same . 
as that obtained by advancing A to the time of C, as shown in figure 1011f. 

Whatever the current, the direction of the course made good (assuming constant ine 
current and constant course anc speed) can be determined. Three. bearings of a charted | *- , 
object O are observed and plotted (fig. 1011g). Through 0 draw XY in any direction. | ; 
Using a convenient scale, determine points A and B so that OA and OB are proportional © _~ 
to the time intervals between the first and second bearings aad the second and third , 
bearings, respectively. From A and B draw lines parallel to the second bearing line, 
intersecting the first and third bearing lines at C and D, respectively. The direction 
of the line from C and D is the course being made good. 

The principle «f the method shown in figure 101lg is based on the property of | 
similar triangles. A frequently desirable variation of the method is to use the first‘. . 
bearing line as the side of the triangle that is divided in proportion to the time intervals = 
between bearings (fig. 1011h). This method of solution of the three-bearing problem is 
presented in The Complete Coastal Naviyator by Charles H. Cotter. va 






















































































































































































































































































Fioure 101le.—A number of running fixes with a following current. 
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Conflicting Running Fixes at 1540 





Ficure 1011f.—Detecting the existence of an oblique current, by a series of running fixes. 
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Ficure 1011g.— Determining the course made good. | 4 
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gene Figure 1011h.—Determining the course made good. 
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: The distance of the line CD in figure 1011g from the track is in error by an amount | 
proportional to the ratio of the speed being made good to the speed assumed for the « 
solution. If a good fix (not a running fix) is obtained at some time before the first ! 
bearing for the running fix, and the current has not changed, the track can be deter- oe 
mined by drawing a line from the fix, in the direction of the course made good. The 

intersection of the track with any of the bearing lines is an actual position. . 


























































































































































































































Aiet ongeruing 


mM mR dt 






























































PILOTING 291 


The current can be determined whenever a dead reckoning position and fix are 


: available for the same time. The direction from the dead reckoning position to the fix 
- is the set of the current. The distance between these two positions, divided by the 
* time (expressed in hours and tenths) since the last fix, is the drift of the current in 


knots. For accurate results, the dead reckoning position must be run up from the 
previous fix without any allowance for current. Any error in either the dead reckoning 
position (such as poor steering, unknown compass error, inaccurate log, wind, etc.) or 
the fix will be reflected in the determination of current. When the dead reckoning posi- 
tion and fiz are close together, a relatively small error in either may introduce a large error 
in the apparent set of the current. 

1012. Distance of an object by two bearings.—A running fix can be obtained by 
utilizing the mathematical relationships involved. A ship steams past landmark D 
(fig. 1012). At any point A a bearing of D is observed and expressed as degrees right 
or left of the course (a relative bearing if the ship is on course). At some later time, at B, 
a second bearing of D is observed and expressed as before. At C the landmark is broad 
on the beam. The angles at A, B, and C are known, and also the distance run between 
points. The various triangles could be solved by trigonometry to find the distance from 
D at any bearing. Distance and bearing provide a fix. Table 7 provides a quick and 
easy solution. 





Fictre 1012.—Triangles involved in a running fix. 


Solution by table 7 or one of the special cases is accurate only if a steady course 
has been steered, the vessel is unaffected hy current, and the speed used is the speed cver 
ground. 

There are certain special cases arising under the method of obtaining a running 
fix from two bearings and the intervening run which do not require the use of tables. 
Two of these cases arise when the multiplier is equal to unity, and the distance run is 
therefore equal to the distance from the object. 

If the second difference (angle CBD of figure 1012) is double the first difference 
(angle BAD), triangle BAD is isosceles (art. 128, vol. II) with equal angles at A and 
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D. Therefore, side AB (the run) is equal to side BD (the distance off at the 1 the ¢ 
second bearing). This is called doubling the angle on the bow. If the frsi an,.. 1s 45° ; 
and the second 90°, the distance run equals the distance when broad on he Leam. | 
These are called bow and beam bearings. Solutions by special cases sre discirscod in ; 
more detail in article 1205 of volume IT. ; 

1013. Safe piloting without a fix.—A fix or running fix is not always necescary to — 
insure safety of the vessel. If a ship is proceeding up a dredged channel, for instance, 
the only knowledge needed to prevent grounding is that the ship is within the limits of 
the dredged area. This information might be provided by a range in line with the 
channel. A fix is not needed except to mark the point at whi), cne range can no longer 
be followed with safety. 

Under favorable conditions a danger bearing might be used to insure safe passage 
past a shoal or other danger. Refer to figure 1013. A vessel is proceeding along a 
coast, on intended track AB. A shoal is to be avoided. A line HX is drawn from light- 


INTENDED TRACK 


Figure 1013.—A danger bearing. 


house H, tangent to the outer edge of the danger. As long as the bearing of light H is 
less than XH, the danger bearing, the vessel is in safe water. An example is YH, no 
part of the bearing line passing through the danger area. Any bearing greater than 
XH, such ss ZH, indicates a possible dangerous situation. If the object is passed on 


the port side, the safe bearing is less than the danger bearing, as shown in figure 1013. : 


If the object is passed on the starboard side, the danger bearing represents the mini- 


mum bearing, safe ones being greater. To be effective, a danger bearing should not 


differ greatly from the course, and the object of which bearings are to be taken should 
be easily identifiable and visible over the entire area of usefulness of the danger bearing. 
A margin of safety might be provided by drawing line HX through a point a short 
distance off the danger. In figure 1013, the danger bearing is labeled NMT 074 to 
indicate thst the bearing of the light should not be more than 074°. The hazardous side 
of the bearing line is hatcned. If a natural or artifical range is available as a danger 
bearing, it should be used. 

A vessel proceeding along a coast may be in safe water as long as it remains a 
minimum distance off the beach. This information may be provided by any means 
available. One method useful in avoiding particular dangers is the use of s danger | 
angle (art. 1109). : 

A vessel may sometimes be kept in safe water by means of a danger sounding. 
The value selected depends upon the draft of the vessel and the slope of the bottom. | 
It should be sufficiently deep to provide adequate maneuvering room for the vessel to | 
reach deeper water before grounding, once the minimum depth is obtained. In an 
area where the shoaiing is gradual, a smaller margin of depth can be considered than in 

































































































































































































































































































































































































































































CANE 










































PILOTING 293 


* an area of rapid shoaling. Where the shoaling is very abrupt, as off Point Conception, 


California, no danger sounding is practical. It is good practice to prominently mark the 


. danger sounding line on the chart. A colored pencil is useful for this purpose. 


If it is desired to round a point marked by a prominent landmark, without ap- 
proaching closer than a given minimum distance, this can be done by steaming until 
the minimum distance is reached and then immediately changing course so as to bring 
the landmark broad on the beam. Frequent small changes of course are then used to 
keep the Jandmark near, dut not forward of, the beam. This method is not reliable if the 
vessel is being moved laterally by wind or current. 

An approximation of the distance off can be found by noting the rate at which the 
bearing changes. If the landmark is kept abeam, the change is indicated by a change 
of heading. During a change of 57°5, the distance off is about the same as the distance 
run. For a change of 28°5, the distance is about twice the run; for 19° it is about three 
times the run; for 14°5 it is about four times the run; and for 11°5 it is about five times 
the run. Another variation is to measure the number of seconds required for a change 
of 16°. The distance off is equal to this interval multiplied by the speed in knots and 
divided by 1,000. That is, D=j Ss where D is the distance in nautical miles, S is 
the speed in knots, and t is the time interval in seconds. This method can also be used 
for straight courses (with bearings 8° forward and abaft the beam), but with somewhat 
reduced accuracy. 

1014. Soundings.—The most important use of soundings is to determine whether 
the depth is sufficient to provide a reasonable margin of safety for the vessel. For this 
reason, soundings should be taken continuously in pilot waters. A study of the chart 





_ and the establishment of a danger sounding (art. 1013) should indicate the degree of 


safety of the vessel at any time. 
Under favorable conditions, soundings can be a valuable aid in establishing the 


_ position of the vessel. Their value in this regard depends upon the configuration of 


the bottom, the amount and accuracy of information given on the chart, the type and 
accuracy of the sounding equipment available abeard ship, and the knowledge and skill 
of the navigator. In an ares having a flat bottom devoid of distinctive features, or in an 
area where detailed information is not given on the chart, little positional information 
can be gained from soundings. However, in an stea where depth curves run roughly 
parallel to the shore, a sounding might indicate distance from the beach. In any area 
where a given depth curve is sharply defined and relatively straight, it serves as a line 
of position which can be used with other lines, such as those obtained by bearings of 
landmarks, to obtain a fix. The 100-fathom curve at the outer edge of the continental 
shelf might be crossed with a line of position from celesiial observation or Loran. The 
crossing of a sharply defined trench, ridge, shoal, or flat-topped seamount (a guyot) 
might provide valuable positional information. 

In any such use, identification of the feature observed is important. In an area 
of rugged underwater terrain, identification might be difficult unless an almost con- 
tinuous determination of position is maintained, for it is rot unusual for a number of 
features within a normal radius of uncertainty to be similar. if the echo sounder produces 
a continuous recording of the depth, called a bottom profile, this can be matched to the 
chart in the vicinity of the course line. If ne profile is available, a rough approximation 
of one can be constructed as follows: Record a series of soundings at short intervals, 
the length being dictated by the scale of the chart and the existing situation. For most 
purposes the interva] might be each minute, or perhaps each half-mile or mile, Draw a 
straight line on transparent material and, at the scale of the chart, place marks along 
the line at the distance intervals at which soundings were made. For this purpose the line 
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might be superimposed over the latitude scale or a distance scale of the chart. At each 
mark record the corresponding sounding. Then place the transparency over the 
chari and, by trial and error, match the recorded soundings to those indicated on the 
chart, Keep the line on the transparency parallel or nearly parallel to the course line 
plotted on the chart. A current may cause some difference between the plotted course 


line and the course made good. Also, speed over the bottom mig.i be somewhat dif- | 


ferent from that used for the plot. This should be reflected in the match. This method 
shculd be used with caution, because it may be possible to fit the line of soundings to 
several places on the chart. 

Exact agreement with the charted bottom should not be expected at all times. 
Ineccuracies in the soundings, tide, or incomplete data on the chart may affect the 
match, but general agreement should be sought. Any marked discrepancy should be 
investigated, particularly if it indicates less depth than anticipated. If such a dis- 
crepancy cannot be reconciled, the wisest decision might well be to haul off into deeper 
water or anchor and wait for more favorable conditions or additional information. 

1015. Most srobable position (MPP).—Since information sufficient to establish 
an ezact position is seldom available, the navigator is frequently faced with the problem 
of establishing the most probable position of the vessel. If three reliable bearing lines 


cross at a point, there is usually little doubt as to the position, and little or no judgment , . 


is needed. But when conflicting information cr information of questionable reliability 
is received, a decision is required to establish the MPP. At such a time the experience 
of the navigator can be of great value. Judgment can be improved if the navigator 
will continually try to account for all apparent discrepancies, even under favorable 
conditions. If a navigator habitually analyzes the situation whenever positional 
information is received, he will develop judgment as to the reliability of various types 
of information, and will learn something of the conditions under which certain types 
should be treated with caution. 

When complete positional information is lacking, or when the available information 
is considered of questionable reliability, the most probable position might well be 
considered ar estimated position (EP). Such a position might be determined from a 
single line of position, from a line of soundings, from lines ef position which are some- 
what inconsistent, from a dead reckoning position with a correction for current or 
wind, etc. 

Whether the most probable position is a fix, running fix, estimated position, or 


dead reckoning position, it should be kept continually in mind, together with some : _ 


estimate of its reliability. The practice of continuing a dead reckoning plot from one 
good fix to another is advisable, whether or not information is available to indicate a 
most probable position differing from the dead reckoning position, for the DR plot pro- 
vides an indication of current and Jeeway. A series of estimated positions may not be 
consistent tecause of the continual revision of the estimate as additional information 
is received. However, it is good practice to plot all MPP’s, and sometimes to maintain 
8 separate EP plot based upon the best estimate of course and speed being made good 
over the ground, for this should furnish valuable information to indicate whether the 
present course is a safe one. 

1016. Allowing for turning characteristics of vessel.—When precise piloting is 
necessary (as in an area where maneuvering space is limited, when a specified anchorage 
is approached, or when steaming in formation with other ships), the turning shar- 
acteristics of the vessel shouid be considered. That is. a ship does not complete a turn 
instantaneously, but follows a curve the characteristics of which depend upon the 
vessel’s length, beam, underwater contour, draft, trim, rudder angle, speed, effects of 
wind and sea, etc. At the moment the rudder is put over, the vessel begins to follow a 
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Ficure 1016a.—Turning circle. 


spiral path (fig. 1016a). This path becomes circular when the vessel has turned about 
90°. The distance the vessel moves in the direction of the original course until the new 
course is reached is called advance. The distance the vessel moves perpendicular to the 
original course during the turn is called transfer. The tactical diameter is the distance 
gained to the right or ieft of the original course after a turn of 180° with a constant 
rudder angle. The final diameter is the diameter of a circle traversed by a vessel after 
turning through 360° and maintaining the same speed and rudder angle. This diameter is 
always less than the tactical diameter. It is measured perpendicular to the original 
course and between the tangents at the points where 180° and 360° of the turn have 
been completed. The vessel turns with its bow inside and its stern outside the tangent 
to the path of its center of gravity. The angle between the tangent to this path, the 
turning circle, and the centerline of the vessel is the drift angle. After the vessel has 
assumed its drift angle in a turn, the point on the centerline between the bow and the 
center of gravity at which the resultant of the velocities of rotation and translation is 
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296 PILOTING 


directed along the centerline is the rivet point. To an observer on doard, the vessel 
appears to rotate about this point, which is normally at one-third to one-sixth of the 
distance from the bow to the center of gravity. 

The amount of advance and transfer for a given vessel depends primarily upon 
the amount of rudder used and the angle through which the ship is to be turned. The 
speed of the vessel has little effect. Figure 1016b is a simplified illustration of advance 
and transfer for a turn of less than 90°. This figure does not include the initial drift 
away from the center of turning due to a lateral force caused by rudder action. 


e 
e--— Transfer--—»s ginal Couts 









A 
End of Turn 


Advance 


I 
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Figure 1016b.—Advance end transfer. 


Allowance for advence and transfer is illustrated in the following example. 

Example (fig. 1016c).—A ship proceeding on course 100° is to turn 60° to the left to 
come on a range which will guide it up a channel. For a 60° turn and the amount of rudder 
used, the advance is 920 yards and the transfer is 350 yards. 

Required.—The bearing of flagpole “FP.” when the rudder is put over. 

Solution.—(1) Extend the original course line, AB. 

(2) At a perpendicular distance of 350 yards, the transfer, draw a line A’B’ parallel 
to the origina] course line AB. The point of intersection, C, of A’B’ with the new 
course line (located by the range) is the place at which the turn is to be completed. 

(3) From C draw a perpendicular, CD, to the original course line, intersecting it 
at D 


(4) From D measure the advance, 920 yards, back along the original course line. 
This locates Z, the point at which the turn should be started. 


(5) The direction of “FP.” from E, 058°, is the bearing when the turn should be 
started. 


Answer.—B 058°. 

A frequently useful alternative prozedure is the distance to new course method. 
From the vessel’s tactical characteristics, a table is constructed to indicate, for various 
course alterations, speeds, and rudder angles, the distance from the point where the 


rudder is put over to the intersection (fig. 1016d) of the original course line and the 
extension of the intended new course line. 
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Fraure 1016¢.—Allowing for advance and transfer. 


Distance to New Course Perec 


Rudder Over 


Original Course Line 


Ficurr 1016d.—Distance to new course 
method. 































































































































































In application, the extension of the intended new course line is drawn to intersect 
the original course line. The table is referred to te determine the distance from this 
intersection to the point where the rudder should be put over. When the vessel reaches 
this point the rudder is put over. 

Although the distance to new course method does not indicate where the vessel 
will be first on the new course line, it is simpler and faster to use than advance and 
transfer. However, practical considerations limit its use with course alterations greater 
than about 120°. 

1017. Turning bearing.—The turning bearing is the predetermined bearing to 
a charted object from that point on the original track at waich the rudder must be put 
over in order to effect the desired turn. 


intended track before the turn as shown in figure 1017. 
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Fieure 1017.—Selection of turning bearing to 
avoid large error when turning to predeter- 
mined course. 


1018. Anchoring.—If a vessel is to anchor at a predetermined point, as in an as- 
signed berth, an established procedure should be followed to insure accuracy of placing 
the anchor. Several procedures have been devised. The following is representative 
(fig. 1018). The use of a turning bearing not nearly parallel to the predetermined course, 
as in figure 1018, may result in a large error (irt. 1017). 

The position selected for anchoring is located on the cnart. The direction of 
approach is then determined, considering limitations of land, shoals, other vessels, etc. 
Where conditions permit, the approach should be made heading into the current or, 
if the wind has a greater effect upon the vessel, into the wind. It is desirable to ap- 
proach from such direction that a prominent object, or preferably a 1ange, is available 
dead ahead to serve as a steering guide. It is also desirable to have a range or promi- 
nent object near the beam at the point of letting go the anchor. If practicable a straight 


























If the turning bearing is such that it is not nearly parallel to the predetermined ; 
course to which the vessel is turning, a large error may occur if the vessel is not on the , 
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Fiaure 1018.—Anchoring. 


approach of -at least 500 yards should be provided to permit the vessel to steady on 
the required course. The track is then drawn in, allowing for advance and transfer 
during any turns. 

Next, a circle is drawn with the selected position of the anchor as the center, and 
with a radius equal to the distance between the hawsepipe and pelorus, alidade, etc., 
used for measuring bearings. The intersection of this circle and the approach track, 
point A, is the position of the vessel (bearing-measuring instrument) at the moment 
of letting go. A number of arcs of circles are then drawn and labeled as shown in figure 
1018. The desired position of the anchor is the common center of these arcs. The 
selected radii may be chosen at will. Those shown in figure 1018 have been found to 
be generally suitable. In each case the distance indicated is from the small circle. 
Turning bearings may also be indicated. 

During the approach to the anchorage, fixes are plotted at frequent intervals, the 
measurement and plotting of bearings going on continuously, usually to the nearest 
half or quarter degree. The navigator advises the captain of any tendency of the vessel 
to drift from the desired track, so that adjustments can be made. The navigator 
also keeps the captain informed of the distance to go, to permit adjustment of the speed 
so that the vessel will be nearly dead in the water when the anchor is let go. 
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At the moment of letting go, the position of the vessel should be determined as 
accurately as possible, preferably by two simultaneous horizontal sextant angles, or 
by simultaneous or nearly simultaneous bearings of a number of prominent landmarks. 

The exact procedure to use depends upon local conditions, number and training 
of available personnel, equipment, and personal preference of individuals concerned. | 
Whatever the procedure, it should be carefully planned, and any needed advance | 
preparations should be made early enough to avoid haste and the attendant danger of ' 
making a mistake. Teamwork is important. Each person involved should under- 
stand precisely what is expected of him. ‘ 

1019. Piloting and electronics.—Many of the familiar electronic aids to navigation 
are used primarily in piloting. The radio direction finder provides bearings through 
fog and at greater distance from the aids. The sonic depth finder provides frequent or 
continuous soundings. Radar provides bearings, distances, and information on the 
location and identity of various targets. Some of the longer range systems such ts 
Loran, Omega, and Decca extend piloting techniques far to sea, where nearness of shoals 
and similar dangers is not a problem. 

1020. Practical piloting.—In pilot waters navigation is primarily an art. It is 
essential that the principles explained in this chapter be mastered and applied in- 
telligently. From every experience the wise navigator acquires additional knowledge 
and improves his judgment. The mechanical following of a set procedure should not 
be expected to produce satisfactory results always. 

While piloting, the successful navigator is somewhat of an opportunist, fitting his 
tecknique to the situation at hand. If a vessel is steaming in a large area having rela- 
tively weak currents and moderate traffic, like Chesapeake Bay, fixes may be obtained 
at relatively long intervals, with a dead reckoning plot between. In a narrow channel 
with swift currents and heavy traffic, an almost continuous fix is needed. In such an 
area the navigator may draw the desired track on the chart and obtain fixes every 
few min:tes, or less, direc :ing the vessel back on the track as it begins to drift to one side. 

If the navigator is to traverse unfamiliar waters, he studies the chart, sailing direc- 
tions or coast pilot, tide and tidal current tables, and light lists to familiarize himself with 
local conditions. The experienced navigator learns to interpret the signs around him. 
The ripple of water arouna buoys and other obstructions, the direction and angle of 
tilt of buoys, the direction at which vessels ride at anchor, provide meaningful informa- 
tion regarding currents. The wise navigator learns to interpret such signs when the 
position of his vessel is not in doubt. When visibility is poor, or available information | 
is inconsistent, the ability developed at favorable times can be of great value. 

With experience, a navigator learns when a danger angle or danger bearing is useful, 
and what ranges are reliéble and how they should be used. However familiar one is 
with an area, he should not permit himself to become careless in the matter of timing 
lights for identification, plotting his progress on a chart, or keeping a good recent posi- 
tion. Fog sometimes creeps in unnoticed, obscuring landmarks before one realizes its 
presence. A series of frequent fixes obtained while various aids are visible provides 
valuable informstion on position and current. - 

Practical piloting requires a thorough familiarity with principles involved and 
local conditions, constant alertness, and judgment. A study of avoidable groundings 
reveals that in most cases the problem is not lack of knowledge, but failure to use or 
interpret available information. Among the more common errors are: 

1. Failure to obtain or evaluate soundings. 

2. Failure to identify aids to navigation. 
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3. Failure to use available navigational aids effectively. oe 


4. Failure to correct charts. 
































































































































PILOTING 


5. Failure to adjust a magnetic compass or maintain an accurate table of corrections. 
6. Failure to apply deviation, or error in its application. 
7. Failure to apply variation, or to allow for change in variation. 


8. Failure to check gyro and magnetic compass readings at frequent and regular 
intervals. 


9. Failure to keep a dead reckoning plot. 
10. Failure to plot information received. 
11. Failure to properly evaluate information received. 
12. Poor judgment. 
18. Failure to do own navigating (following another vessel). 


14. Failure to obtain and use information available on charts and in various 
publications. 


15. Poor ship organization. 
16. Failure to “keep ahead of the vessel.” 
Further discussion on practical piloting is given in chapter XXIII. 
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CHAPTER XI 
USE OF SEXTANT IN PILOTING 


1101. Introduction.—The marine sextant provides the most accurate means | 
generally available to the mariner for fixing his position in confined waters. But following | i 
the widespread use of the highly reliable gyrocompass, the mariner’s use of the sextant : 
for piloting has declined to such an extent that it is seldom if ever used by many. ! 
This is unfortunate because the sextant can be used to advantage in situations where + 
other methods or tools, including the gyrocompass, are inadequate. : 

The applications of the sextant during daylight in coastal waters, harbor approaches, : 
and more confined waters may be summarized as follows: : 
fixing to make a safe transit of hazardous waters; 
fixing to take a specific geographic position; 

. fixing to establish accurately the position of the anchor on anchoring; 

fixing to determine whether or not the ship is dragging anchor; 

using horizontal and vertical danger angles; 

using vertical angles to determine distance off; 

fixing to determine the positions of uncharted objects, or to verify the positions 
of charted features; 

8. using the sextant to evaluate the accuracy of navigation by other means. 

Because the use of the sextant has declined, many navigators, unfortunately, do : 
not have the proficiency necessary to use it to advantage in those situations where | ~.-- 
other methods are inadequate. Proficiency in the use of the sextant can be invaluable 
in situations where even a small error in either observing or plotting cross bearings 
can result in a grounding. 

1102. Three-point problem.—Normally, three charted objects are selected for ~ z 
measuring horizontal sextant angles to determine the observer's position, one of the |. % 
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objects being common to each angular measurement. With simultaneous or nearly | *- 
simultaneous measurements of the horizontal angles between each pair of charted 
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Figure 1102a.—Solving the three-point problem. 
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Figure 1102b.—Use of three-arm protractor. 


objects, the observer establishes two circles of position. For each pair of objects, there 
is only one circle which passes through the two objects and the observer’s position. 
Thus, there are two circles, intersecting at two points as shown in figure 1102a, which 
pass through the observer's position at 7’. 
Since the observer knows that he is not at the intersection at B, he must be at 7’. 
The solution of what is known as the three-point problem is effected by placing 
the hairlines of the arms of a plastic three-arm protractor over the three observed objects 
on the chart as shown in figure 1102b. With the arms so placed, the center of the pro- 
tractor disk is over the observer’s position on the chart at the time of the measurements. 
1103. Solution without three-arm protractor.—Although the conventional solution 
of the three-point problem is obtained by placing the arms of a three-arm protractor 
over t’.¢ three observed objects on the chart, the use of the protractor is not necessary. 
The use of the protractor may not be practicable because of limited room and facilities 
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for plotting, as in a small open boat. Where a common charted object cannot be used | 
in the horizontal angle observations, a means other than the three-arm protractor must | 
be employed to determine the position of the observer. Also, point fixes as obtained from 
the three-arm protractor can be misleading if the navigator has limited skill in ores | 
the strengths of the three-point solutions. 

In plotting the three-point fix without a three-arm protractor, the procedure is to 
find the center of each circle of position, sometimes called cirele of equal angle (fig. . 
1108a), and then, about such center, to strike an arc of radius equal to the distance on 
the chart from the circle center to one of the two objects through which the circle 
passes. The same procedure is applied to the other pair of objects to establish the fix 
at the intersection of the two arcs. ‘ 

Some 01 ‘ue methods for finding the center of a circle of equal angle are described : 
in the following text. i 

The center of the circle of equal angle lies on the perpendicular bisector of the base-: 
line of the pair of objects. With the bisector properly graduated (fig. 1103b), one neec 
only to piace one point of the compasses at the appropriate graduation, the othe 
point at one of the observed objects, and then to strike the circle of equal angle or an 
arc of it in the vicinity of the DR. 

The bisector can be graduated through calculation or by means of either the 
simple protractor or the three-arm protractor. 

As shown in figure 1103a when the observed angle is 90°, the center of the circle of i 
equal angle lies at the center of the baseline or at the foot of the perpendicular bisector | 
of the baseline. When the observed angle is less than 90°, for example 40°, the center of 
the circle lies on the perpendicular bisector on the same side of the baseline as the 
observer. When the observed angle is 26°34’, the center of the circle lies ou the bisector | 
at a distance from its foot equal to the distance between the two objects. When the }: 
observed angle is greater than 90°, the center of the circle lies on the perpendicular §: 
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Figure 1103a.—Circles of equal angle. 
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Circle of equal angie (30°) 





Figure 1103b.—-Graduated perpendicular bisector. 


bisector on the side of the baseline opposite from the observer. The center for 100° is 
the same distance from the baseiine as the center for 80°; the center for 110° is the same 
distance as the center for 70°, etc. These facts can be used to construct a nomogram for 
finding the distances of circles of equal angle from the foot of the perpendicular for vari- 
ous angles. 

From geometry the central angle subtended by a chord is twice the angle with its 
vertex on the circle and subtended by the same chord. Therefore, when the observed 
horizontal angle is 30°, the central angle subtended by the baseline is 60°. Or, the angle 


" at the center of the circle between the perpendicular bisector and the line in the direc- 


tion of one of the observed objects is equal to the observed angle, or 30° as shown in 
figure 1103c. The angle at the object between the baseline and the center of the circle 


‘on the bisector is 90° minus observed angle, or 60°. 


The 30° graduation can be located quickly using a suitable protractor as shown in 
figure 1103d. The placement of the protractor as shown in the upper part of the figure 
requires moving its center along the bisector until the straightedge passes through the 
object. The method shown in the lower part enables more rapid location of the 30° 
graduation because there is no need to slide the protractor after its center is placed over 
the object and the angle is set. 
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Figure 1103e.—Circle of cqual angie (30°). 
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Figure 1103d.—Graduating perpendicular bisector. 
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Figure 1104.—Split fix. 


1104. Split fix—-Occasions when a common charted object cannot be used in 
horizontal angle observations are not infrequent. On these occasions the mariner must 
obtain what is called 2 split fix through observation of two pairs of charted objects, 
with no object being common. as with the three-point. fix, the mariner will obtain two 
circles of equal angle, intersecting at two points. As shown in figure 1104, one of these 
two intersections will fix the observer’s position. 

1105. Conning aid.—Preconstructed circles of equal angle can be helpful in conning 
the vessel to a specific geographic position when fixing by horizontal angles. In one 
application, the vessel is conned to keep one angle constant, or nearly constant, in 
order to follow th. circumference of the associated circle of equal angle to the desired 
position; the other angle is changing rapidly and is approaching the value for the second 
circle of equal angle passing through the desired position. 

1106. Strength of three-point fix.—Although an experienced hydrographer can 
readily estimate the strength of a three-point fix, and is able to select the objects 
providing the strongest fix available ( ‘ckly, others often have difficulty in visualizing 
the problem and may select a weak fix when strong ones are available. The following 
generally useful but not infallible rules apply to selection -of charted objects to be 
observed: 

1. The strongest fix is obtained when the observer is inside the triangle formed by 
the three objects. And in such case the fix is strongest where the three objects form an 
equilateral triangle (fig. 1106, view A), the observer is at the center, and the objects 
are close to the observer. 

2. The fix is strong when the sum of the two angles is equal to or greater than 180° 
and neither angie is less than 30°. The nearer the angles are equal to each other, the 
stronger is the fix (view B). 
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3. The fix is strong when the three objects lie in a straight line and the center object 
is nearest the observer (view C). 

4. The fix is strong when the center object lies between the observer and a line | 
joining the other two, and the center object is nearest the observer (view D). : 

5. The fix is strong when two objects a considerable distance apart are in range and 
the angle to the third object is not less than 45° (view E). 

6. Small angles should be avoided as they result in weak fixes in most cases and are 
difficult to plot. However, a strong fix is obtained when two objects are nearly in range 
and the nearest one is used as the common object. The small angle must be measured 
very accurately, and the position of the two objects in range must be very accurately 
plotted. Otherwise, large errors in position will result. Such fixes are strong only when 
the common cbject is nearest the observer. The fix will become very weak when the 
observer moves to a position where the distant object is the common object (view F). 
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Figure 1106.—Strengths of three-point fixes. 
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7. A fixis strong when at least one of the angles changes rapidly as the vessel moves 
from one location to another. 

8. The sum of the two angles should not be less than 50°; better results are ob- 
tained when neither angle is less than 30°. 

9. Du not observe an angle between objects of considerably different elevation. 
Indefinite objects such as tangents, hill-tops, and other poorly defined or located points 
should not be used. Take care to select prominent objects such as major lights, church 
evires, tower » or buildings which are charted and are readily distinguished from sur- 
rounding objects. 

Beginners should demonstrate the validity of the above rules by plotting examples 
uf each and their opposites. [t should be noted that a fix is strong if, in plotting, a slight 
movement of the center of the protractor moves the arms away from one or more of the 
stations, and is weak if such movement does not appreciably change the relation of the 
arms to the three points. An appreciation of the accuracy required in measuring angles 

a can be obtained by changing one angle about five minutes in arc in each example and 
noting the resulting shift in the plotted positions. 

The error of tiie three-point fix will be due to: 

1. error in measurement of the horizontal angles; 

2. error resulting from observer and observed objects not lying in a horizontal 
plane; 

3. instrument error; and 

/ 4, plotting error. 
; ~ The magnitude of the error varies directly as the error in measurement, the distance 
’ of the common object from the observer, (D) and inversely as the sine function of the 
angle of cut (@). The magnitude of the error also depends upon the following ratios: 

1. The distance to the object to the left of the observer divded by the distance 
from this object to the center object (7). 

2. The distauce to the object to the right of the ovserver divided by the distance 
from this obj «! o the center object (rz). 

Assuming that each horizontal angle has the same «rror (a), the magnitude of tha 
error (Z) is expressed in the formula 


D 
i=, Veber ter, T2 COS 6, 
where error in measurement (a) is expressed in radians. 

The magnitude of the error (F’ is expressed in the formula 


pa ee? vr*,-+7+2r172 cos 8, 
where error in measurement (a) is expressed in minutes of arc. 
To avoid mistakes in the identification of charted objects observed, either a check 
bearing or a cicek angle should be used to insure that the objects used in . dservation and 
ats plotting are the same. 
1107. Avoiding the swinger—Avoid a selection of objects «which w . result in a 
“revolver” or “‘swinger’’; that is, whe.. the three objects observed <n shore and the ship 
are all on, or near, the circumference of a circle (fig. 1107). In such a case the ship’s 
position is indeterminate by three-point fix. 
If bearings as plotted are affected by unknown and uncorrected compass error, 
the bearing lines may intersect at a point when the objects observed ashore and the 
ship are all on, or near, the circumference of a circle. 
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Fiaure 1107.—Revolver or swinger. 


1108. Cutting in uncharted objects—To cut in or locate on the chart uncharted 
objects, such as newly discovered offshore wrecks or objects ashore which may be 
useful for future observations, proceed as follows: 
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1. Fix successive positions of the ship or ship’s boat by three-point fixes, i.e., by : 
horizontal sextant angles. At each fix, simultaneously measure the sextant angle between , 
one of the objects used in the fix and the object to be charted (fig. 1108a). For more | 


accurate results, the craft from which the observations are made should be either lying | 


to or proceeding slowly. 

2. For best results, the angles should be measured simultaneously. If verification is 
undertaken, the angles observed should be interchanged among observers. 

3. The fix positions should be selected carefully to give strong fixes, and so that the 
cuts to the object will provide a good intersection at the next station taken for obser- 
vations. A minimum of three cuts should be taken. 

An alternative procedure is to select observing positions so that the object to be 
charted will be in range with one of the charted objects used to obtain the three-point fix 
(fig. 1108b). The charted objects should be selected to provide the best possible inter- 
sections at the position of the uncharted object. 
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Ficure 1108a.—Cutting in uncharted objects. 
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Fieurs 1108b.—On range method. 
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1109. Horizontal and vertical danger angles—A vessel proceeding along a coast 
may be in safe water as long as it remains a minimum distance off the beach. This infor- 
mation may be provided by any means available. One method useful in avoiding par- 
ticular dangers is the use of a danger angle. Refer to figure 1109. A ship is proceeding 
along a coast on course line AB, and the captain wishes to remain outside a danger D. 
Prominent landmarks are located at M and N. A circle is drawn through M and N and 
tangent to the outer edge of the danger. If X is a point on this circle, angle MLXN is the 
same as at any other point on the circle (except that part between M and N). Anywhere 
within the circle the angle is larger and anywhere outside the circle it is smaller. There- 
fore, any angie smaller than MXN ind:cates a safe position and any angle larger than 
MXN indicates possible danger. Angle MXN is therefore a maximum horizontal danger 
angle. A minimum horizontal danger angle is used when a vessel is to pass inside an 
offying danger, as at J’ in figure 1109. In this case the circle is drawn through M 
and N and tangent to the inner edge of the danger area. The angle is kept ‘arger than 
MYN. If a vessel is to pass between two danger areas, as in figure 1109, the horizontal 
angle should be kept smaller than AZXN but larger than MYN. The minimum danger 
angle is effective only while the vessel is inside the larger circle through M and N. 
Bearings on either landmark might be used to iadicate the entering and leaving cf he 
larger circle. A margin of safety can be provided by drawing the circles t!. 2 
points a short distance off the dangers. Any method of measuring the angics, vr 
difference of bearing of Mf and N, can be used. Perhaps the most accurate is vy horizontal 
sextant angle. If a single landmark of known height is available, similar procedure 
can be used with a vertical danger angle between top and bottom of the object. In this 
case the charted position of the object is used as the center of the circles. 
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Fiaure 1109,-—Horizontal danger angles. 



























































































































































































312 USE OF SEXTANT IN PILOTING 


1110. Distance by vertical angle—Table 9 provides means for determining the 
distance of an object of known height above sea level. The vertical angle between 
the top of the objet and the visible (sea) horizon (the sextant altitude) is measured 
and corrected for index error and dip only. If the visible horizon is not available as a 
reference, the angle should be measured to the bottom of the object, and dip short of 
the horizon (tab. 22) used in place of the usual dip correction. This may require several 
approximations of distance by alternate entries of tables 9 and 22 until the same value i 
is obtained twice. The table is entered with the difference in the heizht of the object 
and the height of eye of the observer, in feet, and the corrected vertical angle; and the 
distance in nautical miles is taken directly from the table. An error may be introduced 
if refraction differs from the standard value used in the computation of the table. Use 
of the table is explained in article 1203 of volume II. 

1111. Evaluation—As time and conditions permit, it behooves the navigator 
to use the sextant to evaluate the accuracy of navigation by other means in pilot waters. 
Such accuracy comparisons tend to provide navigators with better appreciation of 
the limitations of fixing by various methods in a given piloting situation. 
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CHAPTER XI 
TIDE AND CURRENT PREDICTIONS 


1201. Tidal effects.—The daily rise and fall of the tide, with its attendant flood 
and ebb of tidal current, is familiar to every mariner. He is aware, also, that at high 
water and low water the depth of water is momentarily constant, a condition called 
stand. Similarly, there is a moment of slack water as a tidal current reverses direction. 
As a general rule, the change in height or the current speed is at first very slow, increasing 
to a maximum about midway between the two extremes, and then decreasing again. 

- If plotted against time, the height of tide or speed of a tidal current takes the general 
form of a sine curve. Sample curves, and more complete information about causes, 
types, and features of tides and tidal currents, are given in chapter XXXI. The present ‘ 
chapter is concerned primarily with the application of tides and currents to piloting, and | 
predicting the tidal conditions that might be encountered at any given time. 

Although tides and tidal currents are caused by the same phenomena, the time 
relationship between them varies considerably from place to place. For instance, if 
an estuary has a wide entrance and does not extend far inland, the time of maximum 
speed of current occurs at about the mid time between high water and low water. 

a, ‘* However, if an extensive tidal basin is connected to the sea by a small opening, the 

” maximum current may occur at about the time of high water or low water outside the 
basin, when the difference in height is maximum. 

The height of tide should not be confused with depth of water. For reckoning tides 
a reference level is selected. Soundings shown on the largest scale charts are the vertical 
distances from this level to the bottom. At any time the actual depth is this charted 
depth plus the height of tide. In most places the reference level is some form of low 
water. But all low waters at a place are not the same height, and the selected reference 
level is seldom the lowest tide that occurs at the place. When lower tides occur, these 
are indicated by a negative sign. Thus, at a spot where the charted depth is 15 feet, 
the actual depth is 15 feet plus height of tide. When the tide is three feet, the depth is 
15-+3=18 feet. When it is (—) 1 foot, the depth is 15—1=14 feat. It is well to remem- 
ber that the actual depth can be less than the charted depth. In an area where there is a 
considerable range of tide (the difference between high water and low water), the height 
of tide might be an important consideration in using soundings to assist in determining 
position, or whether the vessel is in safe water. 

One should remember that heights given in the tide tables are predictions, and that 
when conditions vary considerably from those used in making the predictions, the 
heights shown may be considerably in error. Heights lower than predicted are par- 
ticularly to be anticipated when the atmospheric pressure is higher than normal, or 

ate ' when there is a persistent strong offshore wind. Along coasts where there is a large 

inequality between the two high or two low tides during a tidal day the height predic- 

. tions are less reliable than elsewhere. 

; The current encountered in pilot waters is due primarily to tidal action, but 
| other causes are sometimes present. The tidal current tables give the best prediction 

a” ; of total current, regardless of cause. The predictions for a river may be considerably 

in error following heavy rains or a drought. The effect of current is to alter the course 

and speed made good over the bottom. Due to the configuration of land (or shoal areas) im, 
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314 TIDE AND CURRENT PREDICTIONS 
and water, the set and drift may vary considerably over different parts of a karbor. 


siderable importance to its safety, a knowledge of predicted currents can be critical, 
particularly if the visibility is reduced by fog, snow, etc. If the vessel is proceeding at 
reduced speed, the effect of current with respect to distance traveled is greater than 
normal. Strong currents are particularly to be anticipated in narrow passages connect- 


to time in the Golden Cate at San Francisco. Currents of more than 13 knots sometimes 
occur at Seymour Narrows, British Columbia. 

In straight portions of rivers and channels the strongest currents usually occur in 
the middle, but in curved portions the swiftest currents (and deepest water) usually 
occur near the outer edge of the curve. Countercurrents and eddies may occur on 
either side of the main current of a river or narrow passage, especially near obstructions 
and in bights. 

In general, the range of tide and the speed of tidal current are at a minimum upon 
the open ocean or along straight coasts. The greatest tidal effects are usually encoun-~ 
tered in rivers, bays, harbors, inlets, bights, etc. A vessel proceeding along a coast can 
be expected to encounter stronger sets toward or away from the shore while passing 
an indentation than when the coast is straight. 

1202. Predictions of tides and currents to be expected at various places are pub- 
lished annually by the National Ocean Survey. These are supplemented by eleven 
sets of tidal current charts (art. 1211), each set consisting of charts for each hour of the 
tidal cycle. On these charts the set of the current at various places in the area is shown 
by arrows, and the drift by numbers. Since these are average conditions, they indicate 
in a general way the tidal conditions on any day and during any year. They are designed 
to be used with tidal current diagrams (art. 1211) or the tidal current tables (except those 
for New York Harbor, and Narragansett Bay, which are used with the tide tables). 
These charts are available for Boston Harbor, Narragansett Bay to Nantucket Sound, 
Narragansett Bay, Long Island Sound and Block Island Sound, New York Harbor, 
Delaware Bay and River, upper Chesapeake Bay, Charleston Harbor, San Francisco 
Bay, Puget Sound (northern part), and Puget Sound (southern part). Current arrows 
are sometimes shown on nautical charts. These represent average conditions and should 
not be cor.idered reliable predictions of the conditions to be encountered at any given 
time. When a strong current sets over an irregular bottom, or meets an opposing cur- 
rent, ripples may occur on the surface. These are called tide rips. Areas where they 
occur frequently are shown on charts. 

Usually, the mariner obtains tidal information from tide and tidal current tables. 
However, if these are not available, or if they do not include information at a desired 
place, the mariner may be able to obtain locally the mean high water lunitidal interval 
or the high water full and change. The approximate time of high water can be found by 
adding either interval to the time of transit (either upper or lower) of the moon (art. 
2020). Low water occurs approximately ¥ tidal day (about 6"12™) before and after the 
time of high water. The actual interval varies somewhat from day to day, but approxi- 
mate results can be obtained in this manner. Similar information for tidal currents 
(lunicurrent interval) is seldom available. 

1203. Tide tables for various parts of the world are published in four volumes by 
the National Ocean Survey. Each volume is arranged as follows: 

Table 1 contains a complete list of the predicted times and heights of the tide for 
each day of the year at a number of places designated as reference stations. 

Table 2 gives differences and ratios which can be used to modify the tidal informe- 
tion for the reference stations to make it applicable to a relatively large number of 
subordinate stations. 
























































ing larger bodies of water. Currents of more than five knots are encountered from time | 


Since this is generally an area in which small errors in position of a vessel are of con- | 
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TIDE AND CURRENT PREDICTIONS 315 


Table 3 provides information for use in finding the approximate height of the tide 


~ at any time between high water and low water. 


Table 4 is a sunrise-sunset table at five-day intervals for various latitudes from 
76°N to 60°S (40°S in one volume). 

Table 6 provides an adjustment to convert the local mean time of table 4 to zone or 
standard time. 

Table 6 (two volumes only) gives the zone time of mc ‘se and moonset for each 
day of the year at certain selected places. 

Certain astonomical data are contained on the inside back cover of each volume. 

Extracts from tables 1, 2, and 3 for the East Coast of North and South America 
are given in appendix L. 

1204. Tide predictions for reference stations.—The first page of appendix L is the 
table 1 daily predictions for New York (The Battery) for the first quarter of 1975. 
As indicated at the bottom of the page, times are for Eastern Standard Time (+-5 zone, 
time meridian 75°W). Daylight saving time is not used. Times are given on the 24-hour 
basis. The tidal reference level for this station is mean low water. 

For each day, the date and day of week are given, and the time and height of each 
high and low water are given in chronological order. Although high and low waters 
are not labeled as such, they can be distinguished by the relative height. given immedi- 
ately to the right of the times. Since two high tides and two low tides occur each tidal 


’ day, the type of tide at this place is semidiurnal. The tidal day being longer than the 


civil day (because of the revolution of the moon eastward around the earth), any given 
tide occurs later from day to day. Thus, on Saturday, March 29, 1975, the first tide that 
occurs is the lower low water (— 1.2 feet at 0334). The following high water (lower high 
water) is 4.9 feet above the reference level (a 6.1 foot rise from the preceding low water), 
and occurs at 0942. This is follewed by the higher low water (—0.9 feet) at 1547, and 
then the higher high water of 5.5 feet at 2206. The cycle is repeated on the following 
day with variations in height, and later times. 

Because of later times of corresponding tides from day to day, certain days have 
only one high water or only one low water. Thus, on January 17 high tides occur at 
1120 and 2357. The next following high tides are at 1154 on January 18 and 0029 on 
January 19. Thus, only one high tide occurs on January 18, the previous one being 
shortly before midnight on the seventeenth, and the next one occurring early in the 
morning of the nineteenth, as shown. 

1205. Tide predictions for subordinat > stations.—The second page of appendix L 
is a page of table 2 of the tide tables. For each subordinate station listed, the following 
information is given: 

Number. The stations are listed in geographical order and given consecutive 
numbers. At the end of each volume an alphabetical listing is given, and for each 
entry the consecutive number is shown, to assist in finding the entry in table 2. 

Place. The list of places includes both subordinate and reference stations, the 


latter being given in bold type. 


Position. The approximate latitude and longitude are given to assist in locating 
the station. The latitude is north or south, and the longitude east or west, depending 
upon the letters (N, S, E, W) next above the entry. These may not be the same as those 
at the top of the column. 

Differences. The differences are to be applied to the predictions for the reference 
station shown in bold capitals next above the entry on the page. Time and height 
differences are given separately for high and low waters. Where differences are omitted, 
they are either unreliable or unknown. 
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316 TIDE AND CURRENT PREDICTIONS 


The time difference is the number of hours and minutes to be applied to the time | 
at the reference station to find the time of the corresponding tide at the subordinate | 
station. This interval is added if preceded by a plus sin (++), and subtracted if preceded 
by a minus sign (—). The results obtained by the application uf the time differences 
will be in the zone time of the time meridian shown directly above the difference for ° 
the subordinate station. Special conditions occurring at a few stations are indicated by 
footnotes on the applicable pages. In some instances, the corresponding tide falls on a 
different date at reference and subordinate stations. 

Height differences are shown in a variety of ways. For most entries separate height 
differences in feet are. given for high water and low water. These are applied to the 
height given for the reference station. In many cases a ratio is given for either high 
water or low watez, or both. The height at the reference station is multiplied by this 
ratio to find the height at the subordinate station. For a few stations, both a ratio and 
difference are given. In this case the height at the reference station is first multiplied 
by the ratio, and the difference is then applied. An example is given in each volume of 
tide tables. Special conditions are indicated in the table or by footnote. Thus, a footnote 
on the second page of appendix L indicates that “Values for the Hudson River above 
George Washington Bridge are based upon averages for the six months May to October, 
when the fresh-water discharge is a minimum.” 

Ranges. Various ranges are given, as indicated in the tables. In each case this is 
the difference in height between high water and low water for the tides indicated. 

Example.—List chronologically the times and heights of all tides at Yonkers. 
(No. 1531) on January 2, 1975. 

Solution. — 


Date January 2, 1975 
Subordinate station Yonkers 
Reference station New York 


High water time difference (+) 15097 
Low water time difference (++) 1°10" 
High water height difference (—) 0.8 ft. 
Low water height difference 0.0 ft. 


New York Yonkers 
HW 2321 (ist) 4.6 ft. 0030 3.8 ft. 
LW 0516 {—) 0.6 ft. 0626 (—) 0.6 ft. 
HW 1138 4.9 ft. 1247 4.1 ft. 
LW 1749 (—) 0.9 ft. 1859 (—) 0.9 ft. 


1206. Finding height of tide at any time.—Table 3 of the tide tables provides means 
for determining the approximate height of tide at any time. It is based upon the as- 
sumption that a plot of height versus time is a sine curve (art. 140, vol. II). Instructions 
for use of the table are given in a footnote below the table, which is reproduced in 
appendix L. 

Ezample 1.—Find the height of tide at Yenkers (No. 1531) at 1000 on January 2, 
1975. 

Solutiun.—The given time is between the low water at 0626 and the high water 
at 1247 (example of art. 1205). Therefore, the tide is rising. The duration of rise is 
1247—0626=6°21™. The range of tide is 4.1—(—0.6)=4.7 feet. The given time is 
2°47" before high water, the nearest tide. Enter the upper part of the table with duration 
of rise 6°20™ (the nearest tabulated value to $°21™), and follow the line horizontally to 
2°45" (the nearest tabulated value to 2°47"). Follow this column vertically downward 












































































































































































































































TIDE AND CURRENT PREDICTIONS 


to the entry 1.8 feet in the line for a range of tide of 4.5 feet (the nearest tabulated 
value to 4.7 feet). This is the correction to be applied io the nearest tide. Since the 
nearest. tide is high water, subtract 1.8 from 4.1 feet. The answer, 2.3 feet, is the height 
of tide at the given time. 

Answer.—H. of tide at 1000, 2.3 ft. A suitable form (fig. 1206a) is used to facilitate 
the solution. 


Interpolation in this table is not considered justified. 
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TIDE AND CURRENT TABLES 
SRNC-USNA-NC&M-3161/31(1-71) 


NAVIGATION DEPARTMENT DIVISION OF NAVAL COMMAND AND MANAGEMENT 


COMPLETE TIDE TABLE 
Date: Jan.2,1975 

Substation Yonkers 
Reference Station New York 
HW Time Difference (+) 1h 09m 
LW Time Difference (+)14 10m 
Difference in height of HW (-) 0.8ft. 
Difference in height of LW __0.0ft. 
Reference Station tatio 
HW _2231_ __a.6ft. aes g2¢ 


LW 0516 (~) 0.6ft. 0626 (-) 0.6ft. 
Hw _1138 4.9ft. 1247 4.1ft. 
LW 1749 | (-) 0.94t. 1859 (-) 0.9ft. 


HW 


HEIGHT OF TIDE AT ANY TIME 
Locality:__Yonkers_ = s Time:_1000 Date:_Jan. 2, 1975 
Duration of Rise or Fall: _sh21m 
Time from Nearest Tide: gh 47m 
Range of Tide: 4.7ft. 

Height of Nearest Tide: 4.1ft. 
Corr. from Table 3: 1.8ft. 


Height of Tide at: 1000 2.aft. 


Ficure 1206a.—U.5. Naval Academy tide form. 


i 


u 


sl Adu 


Mh 


i 


















































































































8 gM a RE 














































































































Ficure 1206b.—Height of tide required to pass clear of charted obstruction. 


It may be desired to know at what time a given depth of water will occur. In this 
case, the problem is solved in reverse. 

Example 2.—The captain of a vessel drawing 22 feet wishes to pass over a tempo- 
rary obstruction near Days Point, Weehawken (No. 1521), having a charted depth of 21 
feet, passage to be made during the morning of January 31, 1975. Refer to figure 1206b. 

Required.—The earliest time after 0800 that this passage can be made, allowing 
a safety margin of two feet. 

Solution —The least acceptable depth of water is 24 feet, which is three feet more 
than the charted depth. Therefore, the height of tide must be three feet or more. At 
the New York reference station a low tide of (—)0.9 foot occurs at 0459, followed 
by a high tide of 4.9 feet at 1120. At Days Point the corresponding low tide is (—)0.9 
foot at 0522, and the high tide is 4.6 feet at 1144. The duration of rise is 6°22", and 
the range of tide is 5.5 feet. The least acceptable tide is 3.0 feet, or 1.6 feet less than 
high tide. Enter the lower part of table 3 with range 5.5 feet and follow the horizontal 


line until 1.6 feet is reached. Follow this column vertically wpward until the value of , 
2°19" is reached on the line fer a duration of 6°20™ (the nearest tabulated value to ‘ 
6°22"). The minimum depth will occur about 2°19" before high water or at about 0925. 


Answer.—A depth of 24 feet occurs at 0925. 


If the range of tide is more than 20 feet, half the range (one third if the range is i 
greater than 40 feet) is used to enter table 3, and the correction to height is doubled - 


(trebled if one third is used). 


A diagram for a graphical so:ution is given in figure 1206c. Eye interpolation can 


be used if desired. The steps in this solution are as follows: 


1. Enter the upper graph with the duration of rise or fall. This is represented by , 


a horizontal line. 
2. Find the intersection of this line and the curve representing the interval from 


the nearest low water (point A). . 
3. From A, follow a vertical line to the sine curve of the lower diagram (point B). 
4. From B, follow horizontally to the vertical line representing the range of tide 
(point C). 


5. Using C, read the correction from the series of curves. 


6. Add (algebraically) the correction of step 5 to the low water height, to find the Su. 


height at the given time. 
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Figure 1206c.—Graphical solution for height of tide at any time. 
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The problem illustrated in figure 1206c is similar to that of example 1 given above. 
The duration of rise is 6°25", and the interval from low water is 5°23". The range of 
tide is 6.1 feet. The correction (by interpolation) is 5.7 feet. If the height of the pre- 
ceding low tide is (—)0.2 foot, the height of tide at the given time is-(—)0.2+-5.7=5.5 
feet. To solve example 2 by the graph, enter the lower graph and find the intersection , 
of the vertical line representing 5.5 feet and the curve representing 3.9 feet (the mini- 
mum acceptable height above low water). From this point follow horizontally to the 
sine curve, and then vertically to the horizontal line in the upper figure representing the 7 
duration of rise of 6°22. From the curve, determine the interval 4°00". The earliest 
time is about 4°00™ after low water, or at about 0922. : 

1207. Tidat current tables are somewhat similar to tide tables, but the coverage is 
less extensive, being given in two volumes. Each volume is arranged as follows: 

Table 1 contains a complete list of predicted times of maximum currents and slack, 
with the velocity (speed) of the meximum currents, for a number of reference stations. 

Table 2 gives differences, ratios, and other information related to 4 relatively large 
number of subordinate stations. 

Table 3 provides information for use in finding the speed of the current at any time = 
between tabulated entries in tables 1 and 2. 

Table 4 gives the number of minutes the current does not exceed stated amounts, 
for various maximum speeds. 

Table § (Atlantic Coast of North America only) gives information on rotary tidal 
currents. 

Each volume contains additional useful information related to currents. Extracts 
from the tables for the Atlantic Coast of North America are given in appendix M. 

1208. Tidal current predictions for reference stations.—The extracts of appendix 
M are for The Narrows, New York Harbor. Times are given on the 24-hour basis, for 
meridian 75°W. Daylight saving time is not used. 

For each day, the date and day of week are given, with complete current informa- 
tion. Since the cycle is repeated twice each tidal day, currents at this place are semi- 
diurnal. On most. days there are four slack waters and four maximum currents, two of 
them floods (F) and two of them ebbs (E). However, since the tidal day is longer than the 
civil day, the corresponding condition occurs later from day to day, and on certain days 
there are only three slack waters or three maximum currents. At some places, the 
curren; on some days runs maximum flood twice, but ebb only once, a minimum flood 
occurring in place of the second ebb. The tables show this information. 

As indicated by appendix M, the sequence of currents at The Narrows on Monday, 
February 3, 1975, is as follows: 

0000 Flood current, 5° after maximum velocity (speed). 

0305 Slack, ebb begins. 

0621 Maximum ebb of 2.0 knots, setting 160°. 

1005 Slack, flood begins. 

1222 Maximum flood of 1.5 knots, setting 340°. 

1516 Slack, ebb begins. 

1839 Maximum ebb of 1.9 knots, setting 160°. 

2216 Slack, flood begins. 

2400 Flood current, 567 before maximum velocity (speed). 

Only one meximum flood occurs on this day, the previous one having occurred 5 
minutes before the day began, and the following one predicted for 56 minutes aiter the 
day ends. 

1209. Tidal current predictions for subordinate stations——For each subordinate 
station listed in table 2 of the tidal current tables, the following information is given: 
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Number. The stations are listed in geographical order and giver. consecutive num- 
bers, as in the tide tables (art. 1205). At the end of each volume an alphabetical listing 
is given, and for each entry the consecutive number is shown, to assist in findire the 
entry in table 2. 

Place. The list of places includes both subordinate and reference stations, the 
latter being given in bold type. 

Position. The approximate latitude and longitude are given to assist in locating 
the station. The latitude is north or south and the longitude east or west as indicated 
by the letters (NX, S, E, W) next above the entry. The current given is for the center of 
the channel unless another location is indicated by the station name. 

Time difference. Two time differences are tabulated. One is the number of hours 
and minutes to be applied to the tabulated times of slack water at the reference station 
to find the times of slack waters at the subordinate station. The other time difference 
is anplied to the times of maximum current at the reference station to find thc times of 
the corresponding maximum current at the subordinate station. The intervals, which 
are added or subtracted in accordance with their signs, include any difference in time 
between the two stations, so that the answer is correct for the standard time of the subor- 
dinate station. Limited application and special conditicns are indicated by footnotes. 

Velocity (specd) ratios. Speed of the current at the subordinate station is found 
by multiplying the speed at the reference station by the tabulated ratio. Separate 
ratios may be given for flood and ebb currents. Special conditions are indicated by 
footnotes. 

As indicated in appendix M, the currents at The Battery (No. 2375) can be found 
by adding 1°30 for slack water and 1°35" for maximum current to the times for The 
Narrows, and multiplying flood currents by 0.9 and ebb currents by 1.2. Applying 
these to the values for Monday, February 3, 1975, the sequence is as follows: 

0000 Flood current, 1°307 before maximum velocity (speed). 

0130 Maximum flood of 1.8 knots, setting 015°. 

0435 Slack, ebb begins. 

0756 Maximum ebb of 2.4 knots, setting 195°. 

1135 Slack, flood begins. 

1357 Maximum flood of 1.4 knots, setting 015°. 

1646 Slack, ebb begins. 

2014 Maximum ebb of 2.3 knots setting 195°. 

2346 Slack, flood begins. 

2400 Flood current, 14” after slack. 

1210. Finding speed of tidal current at any time.—Table 3 of the tidal current 
table provides means for determining the approximate velocity (speed) at any time. 
Instructions for its use are given below the table, which is reproduced in appendix M. 

Example 1.—Find the speed of the current at The Battery at 1500 on February 3, 
1975. 

Solution—The given time is between the maximum flood of 1.4 knots at 1357 and 
the slack at 1646 (art. 1209). The interval between slack and maximum current (1646 
— 1357) is 2°49". The intervai between slack and the desired time (1646—1500) is 1°46. 
Enter the table (A) with 2°40" at the top, and 1°40° at the left side (the nearest 
tabulated values to 25497 and 1°46", respectively), and find the factor 0.8 in the body of 
the table. The approximate speed at 1500 is 0.8X1.4=1.1 knots, and it is flooding. 

Answer.—Speed 1.1 kn. A suitable form (fig. 1210) is used to facilitate the solution. 

It may be desired to determine the period during which the current is less (or 
greater) than a given amount. Table 4 of the tidal current tables can be used to de- 
termine the period during which the speed does not exceed 0.5 knot. For greater 
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NAVIGATION DEPARTMENT. 





DIVISION OF NAVAL COMMAND AND MANAGEMENT 


COMPLETE CURRENT TABLE 





Locality: The Battery 







Date: Feb. 3.1975 






Reference Station. The Narrows 































Time Difference: Slack Water: (-) 1b gom 
=e . Maximum Current: {715 35m 
= Velocity Rutio Maximum Flood: a9 _ 
Maximum Ebb 12 


Flood Ditcetion. 
Ebb Direction 


Reference Station The Narrows 





MELOCITY OF CURRENT AT ANY TIME 

















Int. between slack and desized time phagm 

Int. between sluch and maximum curtent. 2h 19m (Ebb) KFlood) 
\faximum current 1 skn 

Factor. Table 3 ~9S 

Velocity Tikn 


Direction 


i 
: 
: 
: 
| 
| 
[ 


: DURATION OF SLACK 
Times of macimum current —__ £4 — 1357, I 
Maximum current 24kn Laks i 
Desired mavimum — 93 -_ 0 
Period = Tabie 4 KER I 
Sum of periods iF 
Average period: se ] 
Time of slack 135 


Duration of slack = From. ___ 115 To __ 1155 


Fieure 1210.—U.S. Naval Academy tidal current form. 


speeds, and for more accurate results under some conditions, table 3 of the tidal current 
: tables can be used, solving by reversing the process used in example 1. 
‘ Ezample 2.—During what period on the evening of February 3, 1975, does the 
ebb current equal or exceed 1.0 knot at The Battery? 
Solution —The maximum ebb of 2.3 knots occurs at 2014. This is preceded by a 
; slack at 1646, and followed by the next slack at 2346. The interval between the earlier 
slack and the maximum ebb is 3°28", and the interval between the ebb and following 


slack is 3°32". The desired factor is sano. Enter table A with 3207 (the nearest : 
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TIDE AND CURRENT PREDICTIONS 823 


tabulated value to 3°28") at the top, and follow down the column to 0.4 (midway 
betweer. 0.3 and 0.5). At the left margin the interval between slack and the desired 
time is found to be 0°50" (midway between 0°40" and 1500"). Therefore, the current 
becomes 1.0 knot at 1646-++-0°50"=1736. Next, enter table A with 3°40™ (the nearest 
tabulated value to 3°32") at the top, and follow down the column to 0.4. Follow this 
line to the left margin, where the interval between slack and desired time is found to 
be 100%. Therefore, the current is 1.0 knot or greater until 2346—1"00™=2246. If 
the two intervals between maxim'm current and slack were nearest the same 20” 
interval, table A would have to be entered only once. 

Answer.—The speed equals or exceeds 1.0 knot between 1736 and 2246. 

The predicted times of slack water given in the tidal current tables indicate the 
instant of zero velocity. There is a period each side of slack water, however, during which 
the current is so weak that for practical purposes it may be considered as negligible. 
Table 4 of the tidal current tables gives, for various maximum currents, the approxi- 
mate period of time during which weak currents not exceeding 0. to 0.5 knot will be 
encountered. This duration includes the last of the fleod or ebb and the beginning of 
the following flood or ebb, that is, half of the duration wil! be before and half after the 
time of slack water. 

When there is a difference between the velocities of the maximum flood and ebb 
preceding and following ‘‘\e slacix for which the duration is desired, it will be sufficiently 
accurate for practical pury sses to find a separate duration for each maximum velocity 
and take the average of tlie two as the duration of the weak current. 

Of the two snbtables of table 4, table A should be used for all places except those 
listed for table B; table T should be used for all places listed, and all stations in table 
¢ which are referred to wuem. 

Example 3.—Find the period from ju & before until just after the slack at The 
3attery at 1135 on February 3, 1975, that the current does not. exceed 0.3 kn. 

Solution.—Refer to table 4. Table A of table 4 of the tidal current tables is entered 
with the maximum current before the slack to find the period during which the current 
does not exceed 0.3 kn. Since there is a difference between the velocities of the maximum 
ebb and flood preceding and following the slack for which the duration is desired, 
table A is re-entered with the maximum current after the slack to find the period during 
which the current does not exceed 0.8 kn. The average of the two values so found is 
taken as tt duration of the weak current. The form shown in figure 1210 is used to 
facilitate the solution. 

Answer.—Duration 40 min. (fcom 1115 to 1155). 

1211. Tidal current charts present a comprehensive view of the hourly speed and 
direction of the current in 11 bodies of water (art. 1202). They also provide a means for 
determining the speed and direction of the current at various localities throughout these 
bodies of water. The arrows show the direction of the current; the figures give the speed 
in knots at the time of spring tides, that is, during the time of new or full moon when 
the currents are stronger than average. When the current is given as weak, the spee 
is less than 0.1 knot. The decimal point locates the position of the station. 

The charts depict the flow of the tidal current under normal weather conditions. 
Strong winds and freshets, however, bring about nontidal currents which may modify 
considerably the speed and direction shown on the charts. 

The speed of the tidal current varies from day to day principally in accordance 
with the phase, distance, and declination of the moon. Therefore, to obtain the speed for 
any particular day and hour, the spring speeds shown on the charts must be modified 
by correction factors. A correction table given in the charts can be used for this purpose. 




























































































324 TIDE AND CURRENT PREDICTIONS 


Th. :-r. current diagrams are a series of 12 monthly diagrams to be used with the i 


tidal current charts. There is one diagram for each month of the year. A new set of 
diagrams must be used each year. The diagrams are computer constructed lines that 


locate each chart throughout all hours of every month. The diagrams indicate directly 


the chart and the speed correction factor to use at any desired time. 


1212. Current diagrams.—-A current diagram is a graph showing the speed of the 


current along a channel at different stages of the tidal current cycle. The current tables 
include such diagrams for Vineyard and Nantucket Sounds (one diagram); East River, 


New York; '.w York Harbor; Delaware Bay and River (one diagram); and Chesa- ° 


peake Bay. The diagram for New York Harbor is reproduced in appendix M. 

On this diagram each vertical line represents a given instant identified in terms 
of the number of hours before or after slack at The Narrows. Each horizontal line 
represents a distance from Ambrose Channel Entrance, measured along the usually 
traveled route. The names along the left margin are placed at the correct distances 
from Ambrose Channel Entrance. The current is for the center of the channel opposite 
these points. The intersection of any vertical line with any horizontal line represents 
a given moment in the current cycle at a given place in the channel. If this intersection 
is ir. - -haded area, the current is flooding; if in an unshaded area, it is ebbing. The 
speed in knots can be found by interpolation (if necessary) between the numbers given 
in the budy of the diagram. The given values are averages. To find the value at any 
given time, multiply the speed found from the diagram by the ratio of maximum speed 
of the current involved to the mazimum shown on the diagram, both values being taken 
for The Narrows. If the diurnal inequality is large, the accuracy can be improved by 
altering the width of the shaded area to fit conditions. The diagram covers 1} current 
cycles, so that the right-hand third is a duplication of the left-hand third. 

If the current for a single station is desired, table 1 or 2 should be used. The current 
diagrams are intended for use in either of two ways: First, to determine a favorable 
time for passage through the channel. Second, to find the average current to be expected 
during any passage through the channel. For both of these uses a number of ‘‘speed 
lines” are provided. When the appropriate line is transferred to the correct part of the 
diagram, the current to be encountered during passage is indicated along the line. 

Ezample.—During the morning of January 3, 1975, a ship is to leave Pier 83 at 
W. 42nd St., and proceed down the bay at ten kno’:. 

Required.—(1) Time to ge: underway to take maximum advantage of a favorable 
current, allowing 15 minutes to reach mid channel. 

(2) Average speed over the bottom during passage down the bay. 

Solution.—(1) Transfer the line (slope) for ten knots southbound to the diagram, 
locating it so that it is centered on the unshaded ebb current section between W. 42nd 
St. and Ambrose Channel Entrance. This line crosses a horizontal line through W. 42nd 
St. about one-half of the distance between the vertical lines representing three and 
two hours, respectively, after ebb begins at The Narrows. The setting is not critical. 
Any time within about half an hour of the correct time will result in about the same 
current. Between the points involved, the entire speed line is in the ebb current area. 

(2) Table 1 indicates that on the morning of January 3 ebb begins at The Narrows 
at 0132. Two hours twenty-eight minutes after ebb begins, the time is 0400. Therefore, 
the ship should reach mid channel at 0400. It should get underway 15 minutes earlier, 
at 0345. 

(3) To find the average current, determine the current at intervals (as every two 
miles), add, and divide by the number of entries. 
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Distance Current 
18 1.2 
16 1.4 
14 1.9 
12 1.5 
10 2.0 

8 1.9 
6 1.3 
4 1.2 
2 1.4 
0 1.2 
sum 15.0 
‘ The sum of 15.0 is for ten entries. The average is therefore 15.0+10=1.5 knots. 


(4) This value of current is correct only if the ebb current is an average one. 
From table 1 the maximum ebb involved is 2.2 knots. From the diagram the maximum 
value at The Narrows is 2.0 knots. Therefore, the average current found in step (3) 
should be increased by the ratio 2.2+2.0=1.1. The average for the run is therefore 
1.5X1.1=1.6 knots. Speed over the botton is 10+1.6=11.6 knots. 

Answers.—(1) T 0345, (2) § 11.6 kn. 

In the example, an ebb current is carried throughout the run. If the transferred 
speed line had been partly in a flood current area, all ebb currents (those increasing 
the ship’s speed) should be given a positive sign (+), and all flood currents a negative 
sign (—). A separate ratio should be determined for each current (flood or ebb), and 
applied to the entries for that current. In Chesapeake Bay it is not unusual for an 
outbound vessel to encounter three or even four separate currents during passage down 
the bay. Under the latter condition, it is good practice to multiply ecch current taken 
from the diagram by the ratio for the current involved. 

If the time of starting the passage is fixed, and the current during passage is 
desired, the starting time is identified in terms of the reference tidal cycle. The speed 
line is then drawn through the intersection of this vertical time line and the horizontal 
line through the place. The average current is then determined in the same manner 
as when the speed line is located as described above. 


Problems 


1202. The mean high water lunitidal interval at a certain port is 2517. 

Required —The approximate times of each high and low water on a day when 
the moon transits the local meridian at 1146. 

Answers —HW at 0189 and 1403, LW at 0751 and 2015. 


4 1204. List chronologically the times and heights of all tides at New York (The 
Battery) on February 11, 1975. 
Answer.— 
Time Tide Height 
0222 LW (—) 0.4 ft. 
0829 HW 4.6 ft. 
1449 LW (—) 0.6 ft. 
2053 HW 4.2 ft. 


1205. List chronologically the times and heights of all tides at Castle Point, 
Hoboken, N.J. (No. 1519) on March 18, 1975. 
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326 TIDE AND CURRENT PREDICTIONS 
Answer.— 
Time Tide Height 
0533 LW 0.2 ft. 
1141 HW 8.5 ft. 
1724 LW 0.3 ft. 
0003 HW 4.1 ft, 


1206a. Find the height of tide at Union Stock Yards, New York (No. 1523) at | 


0600 on February 6, 1975. 

Answer.—Ht. of tide at 0600, 3.8 ft. 

1206b. The captain of a vessel drawing 24 feet wishes to pass over a temporary 
obstruction near Bayonne, N.J. (No. 1505) having a charted depth of 23 feet, passage 
to be made during the afternoon of March 5, 1975. 


Required.—The earliest and latest times that the passage can be made, allowing 


a safety margin of two feet. 
Answers.—Earliest time 1316, latest time 1531. 
1208. Determine the sequence of currents at The Narrows on January 15, 1975. 
Answer.— 
0000 Ebb current, 42™ after slack. 
0231 Maximum ebb of 1.9 knots. 
0557 Slack, flood begins. 
0822 Maximum flood of 1.7 knots. 
1137 Slack, ebb begins. 
1455 Maximum ebb of 2.1 knots. 
1836 Slack, flood begins. 
2051 Maximum flood of 1.5 knots. 
2400 Flood current, 2" before slack. 
1209. Determine the sequence of currents at Ambrose Channel Entrance (No. 
2310) on January 12, 1975. 
Answer.— 
0000 Ebb current, 42™ after maximum velocity (speed). 
0241 Slack, flood begins. 
0533 Maximum flood of 2.0 knots, setting 310°. 
0828 Slack, ebb begins. 
1155 Maximum ebb of 2.5 knots. 
1527 Slack, flood begins. 
1801 Maximum flood of 1.5 knots, setting 310°. 
2040 Slack, ebb begins. 
2400 Ebb current, 3" before maximum velocity (speed). 
1210a. Find the speed of the current at Bear Mountain Bridge (No. 2445) at 0900 
on February 19, 1975. 
Answer.—Speed 0.8 kn. 
1210b. At about what time during the afternoon of February 3, 1975, does the 
flood current northwest of The Battery (No. 2375) reach a speed of 1.0 knot? 
Answer.—T 1245. 
1212. A vessel arrives at Ambrose Channel Entrance two hours after flood begins 
at The Narrows on the morning of February 16, 1975. 
Required.—(1} The speed through the water required to take :ullest advantage of 
the flood tide in steaming to Chelsea Docks. 
(2) The average current to be expected. 
(3) Estimated time of arrival off Chelsea Docks. 
Answers.—(1) § 9 kn., (2) S 1.4 kn., (3) ETA 1085. 
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CHAPTER XIli 
SAILING DIRECTIONS AND LIGHT LISTS 


1301. Introduction.—Sailing directions (pilots) and light lists provide the informa- 
tion that cannot be shown graphically on the nautical chart and that is not readily 
available elsewhere. In pilot waters, the prudent navigator makes effective use of all ‘ ~ 
three tools: the nautical chart, sailing directions, and light lists. He does not use one to 
the exclusion of the others. 
Sailing Directions 


| 
| 
1302. Format.—The format of the 70 volumes of the sailing directions produced 
by the Defense Mapping Agency Hydrographic Center prior to 1971 was such that 
each volume, as it related to specific foreign areas, provided detailed descriptions of 
coasts, channels, dangers, aids, winds, currents, tides, port facilities, signal systems, 
pilotage, instructions for approaching and entering harbors, as well as a varicty of other 
material required by mariners. This format differed little from sailing directions of cen- 
turies past. There were the same geographic divisions and lengthy descriptions of ap- 
proaches or harbors even though improved charts had obviated the necessity for such 
detail. 
In the earlier format the limited geographic coverage of a given volume precluded : 
inclusion of important information pertaining to transoceanic passages. 
Using a new format, the Defense Mapping Agency Hydrographic Center is re- 
placing the previous 70 volumes with 43 volumes: 35 Sailing Directions (Enroute) and 8 
Sailing Directions (Planning Guide). Port facilities data is contained in Pub. No. 150, 
World Port Index. 
The old sailing directions described and located features by bearing and distance 
from previously described landmarks and formed a maze of descriptive hydrography 
: covering the cousts of the world. Sometimes, the description amounted te a mass of 
verbosity, especially when it pertained to an archipelago. The new Index-Gazetteer, 
listing each feature by its coordinates, eliminates the need for lengthy, unwieldy descrip- 
tive text. Another innovation is the fact that the features described are referred to in 
the text by page numbers rather than by the chapter-paragraph method used in the 
old sailing directions. 
1303. Sailing Directions (Planning Guide).—Each of the 8 Sailing Directions 
(Planning Guide) contains five chapters, the titles of which are shown in figure 1303a. 
The Planning Guides are relatively permanent because of the nature of the material 
Sa "they contain. The Sailing Directions (Enroute) must be updated by relatively frequent 
changes, and so must the World Port Indez. 
The new sailing directions are designed to assist the navigater in planning a voyage 
of any extent, particularly if it involves an ocean passage. Each of the Sailing Directions 
4 (Planning Guide) covers one of the world’s great land-sea areas based on an arbitrary 
te. : division of the world’s seaways into eight ‘‘ocean basins” as shown in figure 1303b. 
Chapter 1 of the Planning Guide, countrizs, contains useful information about all ag, 
of the countries adjacent to the particular ocean basin being covered by one of the 
eight publications. This is the chapter concerned with pratique, pilotage, signals, and 
327 
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SAILING DIRECTIONS AND LIGHT 


CHAPTER 
1. COUNTRIES Governments 
Regulations 
Search & Rescue 
Communications 
Signals 


2. OCEAN BASIN Oceanography 
ENVIRONMENT Magnetic Disturbances 
Climatology 


3. WARNING AREAS Operating Areas, Firing Areas 
Reference Guide to Warnings 
ond Cautions 


4, OCEAN ROUTES Route Chart & Text 
Traffic Separation Schemes 


5. NAVAID SYSTEMS Electronic Navigation Systems 
Systems of Lights & Buoyage 


Fieure 1303a.—Table of contents of Saiiing Directions (Planning Guide) . 


~ 7 d 
ORTH SEA— 
BALTIC SEA 





Figure 1303b.—Division of world’s great land-sea areas into eight ocean basins. 


pertinent regulations for shipping. A treatment of Search and Rescue includes graphics 

showing all lifesaving stations and radio stations open to public correspondence. 
Chapter 2 of the Planning Guide, ocEAN BASIN ENVIRONMENT, contains important 

information relative to the physical environment of an ocean basin. It consists of Ocean 



























































































































































































































































SAILING DIRECTIONS AND LIGHT LISTS 329 


Summaries and local coastal phenomena not found in referenced atlases, and provides 
the mariner with general, concise information concerning the physical forces he must 
consider in planning a route. 

Chapter 3 of the Planning Guide, warning Arxas, includes firing danger arcas 
published in foreign sailing directions and not already shown on nautical charts or in 
other Defense Mapping Agency Hydrographic Center publications. A graphic key 
identifies Submarine Operating Areas. References are made to publications and 
periodicals which list danger areas, for example Notice tc Mariners No. 1 which gives 
an annual listing of Atlantic and Pacific danger areas. General cautions pertinent to 
navigation are given. 

In Chapter 4 of the Planning Guide, routes, the recommended steamship routes 
are described and shown graphically. To facilitate planning, the new publication shows 
entire routes as they originate from all major U.S. ports and naval bases and terminate 
at foreign ports in the Planning Guide area. The new concept is in sharp contrast to 
the localized method used in the old sailing directions. Chapter 4 also includes all 
applicable Traffic Separation Schemes. 

The Planning Guide concludes with Chapter 5, Navaip systems. In keeping with 
the principles of the new concept, all radionavigation systems pertaining to the ocean 
area are described. The national and international systems of lights, beaconage, and 
buoyage are also described and illustrated. 

1304. Sailing Directions (Enroute).—Each volume of the 35 Sailing Directions 
(Enroute) is divided into numbered sectors. Figure 1304a shows a portion of the sectors 
covered by one of the two Sailing Directions (Enroute) covering the English Channel. 
Figure 1304b illustrates a typical table of contents for a sector. 





Figure 1304a.—Typical diagram of sector limits. 
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SECTOR 1 

CHART INFORMATION GRAPHIC 

COASTAL WINDS & CURRENTS GRAPHIC 

OUTER DANGERS 

COASTAL FEATURES 

ANCHORAGES (COASTAL) 

MAJOR PORTS 

—Directions; Londmarks; Navoids; Depths; 

Limitotions; Restrictions; Pilotage; Regulations; 
Winds; Tides; Currents; Anchorages 


Figure 1304b.—Typical table of contents of Satling Directions (Znroute). 


Chart Informztion, the first subtitle in the sample table of contents, refers to a 
. grephic key to charts pertaining to a sector. Figure 1304c is an actual sample of the 
. graphic key for Sector 1, “Snglish Channel—Scilly Isles to Start Point.” The graduation 
of the border scale of the chertlet in five-minute increments enables navigators to 
quickly identify the largest scale chart for a location and to find a feature listed in the 

publications Index-Gazetteer. 

The Index-Gazetteer is simply an alphabetical listing, including both described 
features and charted features. Each feature is listed with its geographic coordinates and 
sector number for use with the graphic key. Only features mentioned in the text are 
given a page number. 

Coastal Winds and Currents, the second subtitle in the table of contents, refers 
to a graphic depicting coastal winds, weather, tides, and currents. Figure 1304d is a 
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Fictre 1304c.—Graphic key to charts within a sector. 
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reproduction of the graphic for a sector covering the coast of Libya and which appears 
in one of the new Sailing Directions (Enroute). In the new format all of the information ! 
previously scattered throughout a chapter of the old sailing directions is given on a single 
graphic to facilitate use by na~‘gators. 

Outer Dangers, the third subtitle in the table of contents, refers to that part of 
Sector 1 which describes dangers to navigation in the outer portion of a harbor, bay, | 
river, etc. In the old format all dangers, both inner and outer, were described at length. 
In the new format the outer dangers are fully described, but inner dangers which are 
well-charted are for the most part omitted. The greatest offshore distance of the 20- 
meter (10-fathom) curve, or other appropriate curve, is stated. Numerous offshore 
dangers, grouped together, are mentioned only in general terms. Dangers adjacent to a 
coastal passage or fairway are described along with supplemeniary information to - 
ensure safe passage. 

Coastal Features, the fourth subtitle in the table of contents, consists of both text 
and graphics and includes information in geographical sequence that supplements the : 
charted landmarks, aids to navigation, salient points, fringing reefs, shoals, river mouths, . 
coastal islets, inlets, and bays. In compiling this section it is assumed that the majority 
of ships have radar and, hence, annotated radarscope photographs have been included 
whenever possible. Aerial and surface views of herbors and approaches are included to 
aid mariners in identifying features. Where no photographs or sketches are available, 
features are described in the text. 

Anchorages, the f'*th subtitle in the table of contents, describes in geographical 
sequence all coastal anchoring information pertaining to a sector. A tabulated listing 
of these anchorages is included in an appendix at the back of the book. 

Major Ports, the sixth and fins. subtitle in the table of contents, gives specific 
information for the major scaports within a sector. In keeping with the precepts of the 


mitting a significant reduction in the textual material presented. An example is the 
use of graphic directions for entering a particular port. These graphic directions consist 
of an annotated chartlet with line drawings of aids to navigation and prominent land- 
marks. Orientation photos may be included. Port facilities are given in the World 
Port Index. 

1305. United States Coast Pilots published by the Nutional Ocean Survey 
supplement the navigational information shown on nautical charts. These sadling 
directions for United States coastal and intracoastal waters provide information that 
cannot b2 shown graphically on nautical charts and that is not readily available else- 
where. Coast Pilot subjects include navigation regulations, outstanding landmarks, 
channel and anchorage peculiarities, dangers, weather, ice, freshets, routes, pilotage, : 
and port facilities. | 
Each of the eight Coast Pilots is corrected through the dates of Notice to Mariners ! 
shown on the title page, and should not be used without reference to the Notices to ' 
Mariners issued subsequent to those dates. 

The Great Lakes Pilot, also published by the National Ocean Survey, provides 
similar information for the Great Lakes. Distances given in this publication are expressed 
in statute miles. 

Light Lists i 
1306. Light lists furnish more complete information concerning aides to navigation | 
than can be conveniently shown on charts. They are not intended to be used for naviga- 


charts should be consulted for the location of all aids to navigation. It may be dangerous 











new format every effort is made to limit such information to essential facts, thus per- |. 
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to use aids to navigation without reference to charts. Likewise, the charts should not be 
used without reference to the more detailed information given in the light list, even 
during daylight. For example: Only the light list may reveal that certain channel buoys 
are actually located some 50 yards beyond the charted channel limits. Or, only the light 
list may reveal that.a certain charted lighted buoy with a radar reflector is replaced by 
a nun buoy when endangered by ice. Since this replacement is indicated in the light list, 
it would not normally be included in Notice to Mariners. 

Light lists give detailed information regarding navigational lights and sound 
signals. The U. S. Coast Guard Light List for the United States and its possessions, 
including the Intracoastal Waterway, the Great Lakes (both United States and certain 
aids on Canadian shores), and the Mississippi River and its navigable tributaries also 
gives information on unlighted buoys, radiobeacons, radio direction finder calibration 
stations, daybeacons, racons, and Loran stations. The Light List does not include 
aeronautical lights. 

In additicn to information on lighted aids to navigation and sound signals, the 
Defense Mapping Agency Hydrographic Center List of Lights for coasts other than the 
United States and its possessions provides information on storm signals, signal stations, 
racons, radiobeacons, and radio direction finder calibration stations located at or 
near lights. However, for detailed information on radio aids the navigator should refer 

* to Pubs. Nos. 117A and 117B, Radio Navigational Aids. The List of Lights does not 
include information on lighted buoys in harbors. Those aeronautical lights situated 
near the ccast are listed in the List of Lights in order that the marine navigator may be 

- able to obtain more complete information concerning their description. However, it 

_ should be borne in mind that these lights are not designed or maintained for marine 
navigation, and they are subject to changes of which the marine navigator may not 
receive prompt notification. 

Within each volume of the Light List aids to navigation are listed in geographic 
order from north to south along the Atlantic coast, from east to west along the gulf 
coast, and from south to north along the Pacific coast. Seacoast aids are listed first, 
followed by entrance and harbor uids listed from seaward tv the head of navigation. 
In volumes I and II, Intracoastal Waterway aids are listed last and in geographic 
order from north to south along the Atlantic coast and south to north and east to 
west along the gulf coast. 

The introductions to the light lists contain useful information pertaining to the 
contents which should be carefully studied by the user. In addition to the notes in the 
remarks columns of the lists, the user should be sure to refer to all othe notes, such as 
those which may be given near the head of the location column. 

The U.S. Coast Guard Light List is published in five volumes; the Defense Mapping 
Agency Hydrographic Center List of Lights is published in seven volumes. The data 
in both lists are corrected through the Notice to Mariners specified in the preface of 
each volume. For example, the 1975 Light List, Volume I, Atlantic Coast, is corrected 
through Local Notice to Mariners issued by the ist, 3rd, and &th U.S. Coast Guard 
District Commanders through October 5, 1974, and Notice to Mariners No. 45 of 

" November 9, 1974, published by the Defense Mapping Agency Hydrographic Center. 
Corrections which have accumulated since the latter date are included in section IV 
weekly. All of these corrections should be applied in the appropriate places and their 
insertion noted in the “‘Record of Corrections.” 

1307. Visual range of lights~—Usually a navigator wants to know not only the 
identity of a light, but also the area in which ke might reasonably expect to observe it. 
His track is planned to take him within range of lights which can prove useful during 
periods of darkness. If lights are not sighted within a reasonavle time after prediction, 
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a dangerous situation may exist, requiring resolution or action to insure safety of the 
vessel. 

The area in which a light can be observed is normally a circle with the light as 
the center, and the visual range as the radius. However, on some bearings the range 
may be reduced by obstructions. In this case the obstructed arc might differ with 
height of eye and distance. Also, lights of different colors may be seen at different 
distances. This fact should be considered not only in predicting the distance at which 
a light can be seen, but also in identifying it. The condition of the atmosphere has | 
a considerable effect upon the distance at which lights can be seen. Sometimes lights ; 
are obscured by fog, haze, dust, smoke, or precipitation which may be present at the ; 
light, or between it and the observer, but not at the observer, and possibly unknown | 
to him. There is always the possibility of a light being extinguished. In the case of | | 
unwatched lights, this condition might not be detected and corrected at once. During ! 
periods of armed conflict, certain lights might be deliberately extinguished if they are : 
considered of greater valve to the enemy than to one’s own vessels. 

On a dark, clear night the visual range is limited primarily by one of two ways: ay | | 
luminous intensity and (2) curvature of the earth. A weak light cannot normally be | 
expected to be seen beyond a certain range, regardiess of the height of eye. This distance i 
is called luminous range. Light travels in almost straight lines, so that an observer below } 
the visible horizon of the light should not expect to see the light, although the oom ex- 
tending upward from the light can sometimes be seen at greater distances. Table 8 giv es | 
the distance to the horizon at various heights. A condensed version of table 8 is given i 
in the light lists. The tabulated distances assume normal refraction. Abnormal condi- 
tions might extend this range somewhat (or in some cases reduce it). Hence, the geo- 
graphic range, as the luminous range, is not subject to exact prediction at any given 
time. 

The luminous range is the maximum distance at which a light can be seen under 
existing visibility conditions. This luminous range takes no account of the elevation of 
the light, the observer's height of eye, the curvature of the earth, or interference from 
background lighting. The luminous range is determined from the known nominal 
luminous range, called the nominal range, and the existing visibility conditions. 
The nominal range is the maximum distance at which a light can be see: in clear 
weather as defined by the International Visibility Code (meteorological visibility 
of 10 nautical miles). The geographic range is the maximum distance at whichj 
the curvature of the earth permits a light to be seen from a particular height} 
of eye without regard to the luminous intensity of the light. The geographic range 
sometimes printed on charts or tabulated in light lists is the maximum distance at which 
the curvature of the earth permits a light to be seen from a height of eye of 15 feet above 
the water when the elevation of the light is taken above the height datum of the largest 
scale chart of the locality. : 

The geographic range depends upon the height of both the light and the observer, 
as shown in figure 1307a. In this illustration a light 150 feet above the water is shown. — 
At this height, the distance to the horizon, by table 8, is 14.0 miles. Within this range the 
light, if powerful enough and atmospheric conditions permit, is visible regardless of the 
height of eye of the observer (if there is no obstruction). Beyond this range, the visuel , 
range depends upon the height of eye. Thus, by table 8 an observer with height of eye of j { 
five feet can see the light on his horizon if he is 2.6 miles beyond the horizon of the light, 
or a total of 16.6 miles. For a height of 30 fec’ the distance is 14.0+6.3=20.3 miles. if | 
the height of eye*is 70 feet, the geographic range is 14.0+-9.6=23.6 miles. 

Except for range and some directional lights, the nominal range is listed in the U. s.4 
Coast Guard Light List. The Luminous Range Diagram shown in the Light List and | 
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figure 1307b is used to convert the nominal range to the luminous range. When using this 

- diagram, it must be remembered that the ranges obtained are approximate, the trans- 
missivity of the atmosphere may vary between the observer and the light, and glare 
from background lighting will reduce considerably the range at which lights are sighted 

, After estimating the meteorological visibility with the aid of the Meteorological Optica! 
Range Table shown in table 1307, the Luminous Range Diagrem is entered with the 
nominal range on the horizontal nominal range scale; a vertical line is followed until it 
intersects the curve or reaches the region on the diagram representing the meteorological 
visibility ; from this point or region a horizontal line is followed until it intersects the 
vertical luminous range scale. 





Figure 1307a.— Geographic range of a light. 


Example 1—The nominal range of a light as extracted from the Light List is 15 
nautica! miles. 

Required—The luminous range when the meteorological visibility is (1) 11 nauti- 
cal miles and (2) 1 nautical mile. 

Solution—To find the luminous range when the meteorological visibility is 11 
nautical miles, the Luminous Range Diagram is entered with nominal range 15 nautical 
miles on the horizontal nominal range scale; a vertical line is followed until it intersects 
the curve on the diagram representing a meteorological visibility of 11 nautical miles; 
from this point a horizontal line is foliowed until it intersects the vertical luminous 
range scale at 16 nautical miles. A similar procedure is followed to find the luminous 
range when the meteorological visibility is 1 nautical mile. 

Answers.—(1) 16 nautical miles; (2) 3 nautical miles. 

In predicting the range at which a light can be seen, one should first. determine 
the geographic range to compare this range with the luminous range, if known. If the 
geographic range is less than the luminous range, the geographic range must be taken 
as the limiting range. If the luminous range is less than the geographic range, the 
luminous range must be taken as the limiting range. 
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LUMINOUS RANGE ~ noutical miles 
{Tha ronge may be reduced by the gore of other Kohts) 


Fictre 1307b.—Luminous Range Diagram. 


These predictions are simple when using the U.S. Coast Guard Light List because 


only nominal ranges are tabulated. A'so the current practice 0. the National Ocean : 


Survey is to follow the Light List when printing the range of a light on a chart. 
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Ezample 2.—The nomina! range of a navigational light 120 feet above the chart 


datum is 20 nautical miles. The meteorological visibility is 27 nautical miles. 

Required.—The distance at which an observer at a height of eye of 60 feet can 
expect to see the light. 

Solution.—The maximum range at which the light may be seen is the lesser of the 
luminous and geographic ranges. 

At 120 feet the distance to the horizon, by table 8, is 12.5 miles. Adding 8.9 miles, 


the distance to the horizon at a height of eye of 60 feet, the geographic range (12.5 mi.+- - 


8.9 mi.=21.4 mi.) is found to be less than the luminous range, which is 40 nautical 
miles. 
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Answer.—21 nautical miles. Because of various uncertainties, the range is given 
only to the nearest whole mile. 

If the range of a light as printed on a chart, particularly a foreign chart or a repro- 
duction of a foreign chert, or tabulated in a light list other than the U.S. Coast Guard 
Light List, approximates the geographic range for a 15-foot height of eye of the observer, 
one is generally safc in assun.ing that this range is the geographic zange. With lesser 
certainty, one may also assume that the lesser of the geographic and nominal ranges 
is printed on the chart or tabulated in the light list. Using these assumptions, the 
predicted range is then found by adding the distance to the horizon for both the light 
and the observer, or approximately, by the difference between 4.4 miles (the distance 
to the horizon at a height cf 15 feet) and the discance for the height of eye of the ob- 
server (a constant for any given height) and adding this vaiue to the tabulated or 
charted geographic range (subtractiag if the height of eye is less than 15 feet). Iu 
making a prediction, one should keep in mind the possibility of the luminous range 
being between the tabulated or charted geographic range and the predicted range. The 

. intensity of the light, if known, should be of assistance in identifying this condition, 


Very clear 


Exceptionully clear 





* From the International Visibility Code 
TaBLE 1307.—Meteorologics) ‘ptical Range Table. 


Example 3.—The range of a light as printed on a foreign chart is 17 miles. The ‘¢ 
* light is 120 feet above chart datum. The meteorological visibility is 10 nautical miles. 
Required.—The distance at which an observer at a height of e,c of 60 feet can 
expect to see the light. 
Solution. At 120 feet the distance to the horizo~. by +8, is 12.5 miles. Adding 
4.4 miles (the distance to the horizon at a height of 1. - }. the geographic range is 
found to approximate the range printed on the chart ‘hen assuming that the latter 
range is the geographic range for a 15-foot height of eve of the observer and that the 
nominal range is ths greater value, the predicted range is found by adding the distance 
to the horizon for both the iight and the observer (oredicted range =12.5 mi. + 8.9 mi. 
== 21.4 mi.). The additional distance, i.e., the distance in excess of the assumed charted na 
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geographic range, is dependent upon the luminous intensity of the light and the mete- | 

orological visibility. i 
If one is approaching a light, and wishes to predict the rime at which it should bey 

sighted, he first predicts the range. It is then good practice to draw an arc indiontine | 

the visual range. The point at which the course line crosses the arc of visual range 

is the predicted position of the vessel at the time of sighting the lig1t. The predicted 

time of arrival at this point is the predicted time of sighting the light. The direction ! 

of the light from this point is the predicted bearing at which the light should be sighted. 

Conversion of the true bearing to a relative bearing is usually helpful in sighting the , 

light. The accuracy of the predictions depends upon the accuracy of the predicted © 

range, and the accnracy of the predicted time and place of crossing the visual range ° a 

atc. lf the course line crosses the visual 1ange are at a small angle, a small lateral , # 

error in track may result in » large error of prediction, both of bearing and time. This | 

is particularly apparent if the vessel is farther from the light than predicted, in which | 

case the light might be passed without being sighted. Thus, if a light is not sighted | 

at the predicted time, the error may be on the side of safety. However, such an in- | 

terpretation should not be given unless confirmed by othe: information, for there | 

is always the possibility of 1educed meteorological visibility, or of the light being 

extinguished. ; 
When a light is first sighted, one might determine whether it is on the horizon by | 

immediately reduci- ‘he height of eye by several feet, as by squatting or changing 

: position to a lower: ght. If the light disappears, and reappears when the original 

me © height is resumed, it is on the horizon. This process is called bobbing a light. If » vessel 

has considerable vertical motion due to the condition of the sea, a light sighted on 

the horizon may alternately appear and disappear. This may lead the unwary to j 

assign faulty characteristics and hence to err in its identification. The true character- : 

istics should be observed after the distance has decreased, or by increasing the height 

of eye of the observer. 
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CHAPTER XIV 
NAVIGATIONAL ASTRONOMY 


Preliminary Considerations 


1401. Introduction.—Astronomy is that science which deals with the size, con- 
stitution, motions, relative positions, etc., of celestial bodies, Navigational astronomy 
is that part of astronomy of direct use to a navigator, comprising principally celestial 
coordinates, time, and the apparent motions of celestial bodies with respect to the 
earth. Sometimes it is called nautical astronomy. 

1402. Apparent and absolute motions.—All celestial bodies of which man has 
knowledge are in motion. Since the earth itself is one of these moving bodies, the 
motion of other bodies, as seen by an observer on the earth, is apparent motion. If 
the earth were stationary in space, any change in the position of another body, relative 
to the earth, would be due only to the motion of that body. This would be absolute 
motion, or motion relative to a fixed point. But since it has been impossible to identify 
a fixed point in space, all motion of which man is aware is apparent, made up of a 
combination of the movement of the other body and the motions of the observer. 
A person without suitable instruments is not aware of motion in the line of sight, and 
therefore only motions across the line of sight are observed. 

Since all motion is relative, one should be cognizant of the position of the ob- 
server when motions are discussed. When one speaks of planets following their orbits 
around the sun, he is placing the observer at some distant point in space, usually one 
of the poles of the ecliptic (art. 1419). When he speaks of :. body rising or setting, 
the observer is on the earth. If he refers to a particular rising or setting, he must locate 
the observer at a particular point on the earth, since the setting sun for one observer 
may be the rising sun fer another. At the same time it may be crossing the meridian of 
a third observer. 

1403. The celestial sphere.—<s one looks at the sky on a dark night, he is not aware 
of the differences in the distances to the various celestial bodies. They might easily be 
imagined as being equally distant from the earth, all located on the inner surface of a 
vast hollow sphere of infinite radius, with the earth at its center. This is the celestial 
sphere (fg. 1403). For most purposes of navigation it can be considered an actuality. 
Since the navigator is concerned primarily with apparent motion for an observer on the 
earth, this geocentric universe of Ptolemy (art. 121) is a useful concept. While the 
motions of various bodies relative to each other are important to the astronomer who 
predicts future positions of celestial bodies, and perhaps to the navigational scientist 
who designs navigation tables, the navigator speaks of bodies rising, crossing the 
celestial meridian, and setting, as though these were absolute motions. 

1404. Units of astronomical distance.—The distances between celestial bodies, 
even those within a single family such as the solar system, are so great that terrestrial 
units are unsatisfactory to express them. The units commonly used for astronomical 
distances are: 

Astronomical unit (AU), the mean distance between the earth and the sun, ap- 
proximately 92,960,000 statute miles. The astronomical unit is often used as a unit of 
measurement for distances within the solar system. 
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Figure 1403.—The celestial sphere. 


Light-year, the distance light travels in one year. Since the speed of light is about 
186,000 statute miles per second and there are about 31,600,000 seconds per year, the 
length of one light-year is about 5,880,000,000,000 (5.88 X10") statute miles, or 63,280 
astronomical units. The light-year is commonly used for expressing distances to the ' 
stars and galaxies. Alpha Centauri and its neighbor Proxima, generally considered the , 
nearest stars, are 4.3 light-years away. Relatively few stars aie less than 100 light-years 
away, and the most distant galaxies are in excess of one billion light-years away. How- 
ever, most navigational stars are relatively close. Light travels from the sun to the 
earth in about 8% minutes, and from the moon to the earth in about 1% seconds. 

Parsec, the distance at which the heliocentric parallax (difference in apparent 
position as viewed from the earth and the sun) is 1”. At this distance a star would 
appear to change its position 2” among the distant stars, if observed from points 180° 
apart on the earth’s orbit. The name is derived from the first letters of the words 
parallax and second. One parsec is equal to about 3.26 light-years. Hence, even the 
nearest star is more than one parsec away. This unit is used to express distances to 
stars and galaxies. “, 
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The difficulty of illustrating astronomical distances and sizes is indicated by the 
fact that if the earth were represented by a circle one inch in diameter, the moon would 


* be a circle one-fourth inch in diameter at a distance of 30 inches, the sun would bea circle 
. nine feet in diameter at a distance of nearly a fifth of a mile, and Pluto would be a circle 


half an inch in diameter at a distance of about seven miles. The nearest star would be 
one-fifth the actual distance to the moon. 

1405. Magnitude.—The relative brightnese s* celestial bodies is indicated by a 
scale of stellar magnitudes. In the Almagest (art. 121) Ptolen y divided the stars into 
six groups according to brightness, the 20 brightest being clessified as of the first mag- 
nitude, and the dimmest being of the sixth 1.agnitude. In modern times, when it 
became desirable tu define more precisely the limits of magnitude, a first magnitude 
star was considered 100 times brighter than one of ‘hc sixth magnitude, the approximate 
value of Ptolemy’s ratio. Since the fifth root (art. 109, vol. IT) of 100 is 2.512, this number 
is considered the magnitude ratio. A first magnitude .tar is 2.512 times as bright as a 
second magnitude star, which is 2.512 times as bright as a third magnitude ¢ ar, etc. A 
second magnitude is 2.512X2.512=6.310 times as bright as a fourth magnitude star. 
A first magnitude star is 2.512?° 100'=100,000,000 times as bright as a star of the 
twenty-first magnitude, the dimmest that can be seen through the 200-inch telescope. 

Brightness is normally tabulated to the nearest 0.1 magnitude, about the smallest 
change that can be detected by the unaided eye of a trained observer. All stars of 
magnitude 1.50 or brighter are popularly cailed “first magnitude” stars. Those between 


: 1.51 and 2.50 are called “second magnitude” stars, those between 2.51 and 3.50 are 


eslled “third magnitude” stars, etc. Sirius, the brightest star, has a magnitude of 
(—)1.6. The only other star with a negative magnitude is Canopus, (—)U.9. At 
greatest brilliance Venus has a magnitude of about (—)4.4. Mars, Jupiter, and Saturn 
are sometimes of negative magnitude. The full moon has a magziuude of about (—)12.6, 
but varies somewhat. The magnitude of the sun is about (—)26.7. 


The Universe 


1406. The solar system.—The sun, the most conspicuous celestial object in the 
sky, is the central body of the solar system. Associated with it are at least nine principal 
planets, of which the earth is one; a number of satellites accompanying some of the 
planets; thousands of minor planets or asteroids; multitudes of comets; and vast 
numbers of meteors. 

1407. Motions of bodies of the solar system.—Astronomers distinguish between 
the two principal motions of celestial bodies, as follows: rotation is a spinning motion 
about an axis within the body, while revolution is the motion of a body in its elliptical 
orbit around another bedy, called its primary. For the satellites, the primary is a planet. 
For the planets and other bedies of the solar system, the primary is the sun. The entire 
solar system is held together by the gravitational force of the sun. The whole system 
revolves around the center of its galaxy (art. 1415) as a unit, and the galaxy is probably 
in motion relative to its neighboring galaxies. The motion of bodies of the solar system 
relative to surrounding stars is called space motion. 

Rotation and revolution may be further classified as synodic or sidereal. During 
one synodic rotation the body makes one complete turn relative to the sun. On the 
earth it is called an apparent solar day. During one sidereal rotation the body makes 
one complete turn relative to the stars. Because of motion of the body in its orbit, a 
sidereal rotation is either longer or shorter, by a small amount, than a synodic rotation. 
If both rotation and revolution are in the same direction (in the solar system they are 
both cast for most bodies, that is, counter clockwise as seen from above the North Pole) 
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Figure 1407a.—Relative size of planetary orbits. 


the sidereal rotation is shorter. During a synodic revolution a celestial body makes one 
trip around the sun, as viewed from the earth. Hence, the earth cannot have a synodic 


revolution. During a sidereal revolution, a celestial body makes one trip around its ; 


orbit with respect to the stars; to an observer on the celestial body, the sun would 
appear to make one trip around the celestial sphere, with respect to the stars. On the 
earth this is one year. 

All of the planets revolve around the sun in nearly circular orbits. The flattening 
or eccentricity of the earth’s orbit is only 0.017 (zero would be a circle). Some of the 
minor planets have orbits more eccentric than that of any principal planet (note the 
orbit of Hidalgo in fig. 1407a). The orbits of comets are highly eccentric. The orbits 
of all known planets except Pluto are in nearly the same plane, that of the ecliptic 
(art. 1419). The orbit of Pluto is inclined more than 17° to the ecliptic. 

The laws governing the motions of planets in their orbits were discovered by 
Johaanes Kepler, and are now known as Kepler’s laws: 

1. The orbits of the planets are ellipses, with the sun at a common focus. 
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2. The straight line joining the sun and a planet (the radius vector) sweeps over 
equal areas in equal intervals of time. 

3. The squares of the sidereal periods of any two planets are proportional to the cubes 
of their mean distances from the sun. 

In 1687 Isaac Newton sta’ed three “laws of motion,” which he believed were 
applicable to the planets. Newton’s laws of motion are: 

1. Every body continues in a state of rest or of uniform motion in a straight line unless 
acted upon by an external ferce. 

2. When a body ts acted upon by an external force, its acceleration is directly pro- 
portional to that force, and inversely proportional to the mass of the body, and acceleration 
takes place in the direction in which the force acts. 

3. To every action there is an equal and opposite reaction. 

Newton also stated a single universal law of gravitation, which he believed applied 
to all bodies, although it was based upon observation within the solar system only: 

Every particle of matter attracts every other particle with a force that varies directly 
as the product of their masses and inversely as the square of the distance between them. 

From these fundamental laws of motion and gravitation, Newton derived Kepler’s 
empirical Jaws. He proved rigorously that the gravitational interaction between any 
two bodies results in an orbital motion of each body about the barycenter of the two 
masses that is some form of conic section, that is a circle, ellipse, parabola, or hyperbola. 

Circular and parabolic orbits are unlikely to occur in nature because of the 
precise speeds required. Hyperbolic orbits are open, that is one body, due to its speed, 
recedes into space. Therefore, a planet’s orbit must be elliptical as found by Kepler. 

Both the sun and each body revolve about their common center of mass. Because 
of the preponderance of the mass of the sun over that of the individual planets, the 
common center of the sun and each planet except Jupiter lies within the sun. The 
common center of the combined mass of the solar system moves in and out of the sun. 

The various laws governing the orbits of planets apply equally well to the orbit 
of any body with respect to its primary. 

In each planet’s orbit that point nearest the sun is called the perihelion. That 
point farthest from the sun is called the aphelion (4-f6’1é-dn). The line joining periphelion 
and aphelion is called the line of apsides (p’si-déz). In the orbit of the moon, that 
point nearest the earth is called the perigee, and that point farthest from the earth is 
called the apogee. Figure 1407b shows the orbit of the earth (with exaggerated eccen- 
tricity), and the orbit of the moon around the earth. 

1408. The sun is the dominant member of the solar system because its mass is 
nearly a thousand times that of all other bodies of the solar system combined. It. supplies 
heat and light to the entire system. 

The diameter of the sun is about 866,000 miles. At the distance of the earth, varying 
between 91,300,000 and 94,500,000 miles, the visible diameter is about 32’. At the 
closest approach early in January the sun appears largest, being 32'6 in diameter. 
Six months later the apparent diameter is 31'5, the minimum. 

Of the various physical features of the sun, one of particular interest is the appear- 
ance from time to time of sun spots on the surface (fig. 1408). These spots are appar- 
ently areas of cooler gas which have risen to the surface and appear dark in contrast 
to the hotter gases around them. In size they vary from perhaps 50,000 miles in di- 
ameter to the smallest spots that can be detected (a few hundred miles in diameter), 
and perhaps smaller. They generally appear in groups. At the start of each cycle of 
ebout 11 years the spots appear at a maximum distance of about 40° on each side of the 
solar equator. Succeeding spots of the cycle appear progressively closer to the solar 
equator, until a minimum solar latitude of 5° may be reached. The maximum number 















































































































































































































Courtesy of Aft, Wilson and Pelomar Obserratories. 


Fiaure 1408.—* , . solar disk and an enlarge- 
ment of the gr< - -pot group of April 7. 1947. 


of sun spots occurs about midwey in the cycle, when the spots are about 16° from the 
solar equator. Large sun spots can be seen without a telescope if the eyes are protected, 
as by the shade glasses of a sextant. The shade glasses of inexpensive “training” sex- 
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tants may not have the optical quality required for protection. Sun spots have magnetic 
properties. For one cycle all spots north of the solar equator are of positive polarity, 
and all those to the south are of negative polarity. During the next cycle, which may be- 
gin before the last spots of the old cycle have disappeared, the polarity is reversed. Sun 


_ spots are related to magnetic storms which adversely affect radio, including radio aids 


to navigation, on the earth. At such times the auroras (art. 2526) are particularly 
brilliant and widespread. 

The sun rotates on its axis, the period of rotation varying from about 25 days at 
the solar equator to 34 days at the poles, but this fact has little or no navigational 
significance beyond its effect upon the changing positions of sun spots relative to the 
earth. The sun is moving approximately toward Vega at about 12 miles per second, 
or about two-thirds as fast as the earth moves in its orbit around the sun. The path 
of the sun toward Vega is called the sun’s way. This -s in addition to the motion of 
the sun around the center of its galaxy (art. 1415). 

1409. Planets.—The principal bodies having nearly circular orbits around the 
sun are called planets, from a Greek word meaning “wandering.” They were so named 
because they were observe! to change position or ‘“‘wander” among the “‘fixed stars” 
which remained in about the same positions relative to cach other. Because the sun 
and moon had a similar wandering motion, the ancients considered them planets, also. 

Nine principal planets are known. In order of increasing distance from the sun, 


_ these are Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto. 
. Of these, only four are commonly used for celestial navigation. These are Venus, 


Mars, Jupiter, and Saturn, sometimes called the navigational planets. The two planets 
with orbits smaller than that of the earth are called inferior planets, and those with or- 
bits larger than that of the earth are called superior planets. The four planets nearest 
the sun are sometimes called the inner planets, and the others the outer planets. Jupiter, 
Saturn, Uranus, and Nepture are so much lurger than the others that they are sometimes 
classed as major planets. Neptune and Pluto are not visible to the unaided eye, and 
Uranus is barely so, being of the sixth magnitude. 

The orbits of the many thousand tiny minor planets Ite chiefly between the orbits 
of Mars and Jupiter. 

Six of the planets ere known to have satellites, a total of 33 having been discovered 
Mercury, Venus, and luto have no known satellites. 

1410. The earth as a planet.—In common with other planets, the earth rotates on 
its axis and revolves in its orbit around the sun. These actual motions (discussed in 
articles 1416 and 1417) are the principal source of the apparent motions of other celes- 
tial bodies. Also, the rotation of the earth results in a deflection of water and air cur- 
rents to the right in the Northern Hemisphere and to the left in the Southern Hemi- 
sphere. Because of the earth’s rotation, the high tides on the open sea lag behind the 
meridian transit of the moon. 

For most navigational purposes, the earth can be considered a sphere, but, like the 
other planets, the earth is approximately an oblate spheroid, or ellipsoid of revolution, 
being flattened at the poles and bulged at the equator. Therefore, the polar diameter 
is less than the equatorial diameter, and the meridians are slightly elliptical, rather 
than circular. The dimensions of the earth are recomputed from time to time, as 
additional and more precise measurements become available. Since the earth is not 
exactly an ellipsoid, results differ slightly when equally precise and extensive measure- 
ments are made on different parts of the surface. Hence, diferent “sphercids” are 
used for mapping various parts of the earth. That used fer charts of North America 
was computed by the English geodesist A. R. Clarke in 1866. However, since Clarke 
did not clearly define his units, the U. S. Coast aud Geodetic Survey in 1880 considered 
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Ficure 1410.—Oblate spheroid or ellipsoid of revolution. 


it desirable to adopt standard values which probably added about 170 feet to the 
diameter computed by Clarke. In 1880, also, Clarke himself made a new estimate of 
the size and shape of the earth but this has not been adopted by the United States. 
Although the Ciarke spheroid of 1866 is still used for charting North America, the 
International Astronomical Union System of Astronomical Constants provides a 
slightly better approximation of the size and shape of the earth. According to these 
constants, the dimensions of the earth are (fig. 1410): 


Equatorial radius (2)=3,963.205 statute miles=3,443.931 nautical miles 
Polar radius (8) =3,949.917 statute miles=3,432.384 nautical miles 
Mean radius =3,958.775 statute miles=3,440.082 nautical miles 


Flattening or ellipticity ( t a ee 


The mean radius is the average of the polar radius and two equatorial radii perpendic- 


ular to each other (the three dimensions of the solid), or et). 

1411. Other planets and the minor planets.—Mercury in some ways resembles the 
moon more than it does other planets. Its diameter is only about 50 percent larger than 
that of the mocn and about the same as those of Jupiter’s two largest satellites. Like 
the moon it has little or no atmosphere, and is believed to keep the same side turned 
toward its primary. Mersury’s mass is only about five percent that of the earth, and its 
orbit is so small that the planet is never seen more than about 28° from the sun. It 
is for this reason that Mercury is not commonly used for navigation. Near greatest 
elongation (art. 1422) it appears near the western horizon after sunsct or the eastern 
horizon before sunrise. At these times it resembles a first magnitude star, and is some- 


times reported as a new or strange object in the sky. As seen from the earth, Mercury ™™&%, 


goes through all the phases similar to those of the moon, and occasionally transits 
(crosses) the face of the sun, appearing as a tiny, derk, inconspicuous dot on the sur- 
face. Mercury has no known satellite. Mercury rotates with a period of about 59 days. 
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Venus, like Mercury, has no known satellite, goes through the various phases simi- 
lar to those of the moon, and may transit the sun. In size of orbit, sidereal period of 
revolution, diameter, volume, mass, density, and surface gravity it resembles the earth 
more than any other planet. Its orbit is more nearly circular than that of any other 
planet (eccentricity 0.007). At maximum brilliance, about five weeks before and after 
inferior conjunction (art. 1422), it has a magnitude of about (—)4.4 and is brighter than 
any other object in the sky except the sun and moon. At these times it can be seen 
during the day, and is sometimes observed for a celestial line of position. 

Mars (fig. 1411) has a diameter only a little more than half that of the earth, and a 
mass of 11 percent as much, although its density is nearly 72 percent that of the earth. 
It has a thin atmosphere, but few clouds. Its day is only slightly longer than that 
on the earth, but its year is nearly twice as long. Being a superior planet (art. 1409), 
it is seen only in the full or gibbous phase (art. 1423). When nearest the earth, its 
apparent diameter is about eight times that at conjunction (art. 1422). Mars has 
two satellites. Phobos is about 10 miles in diameter and has an orbit the diameter of 
which is only about three times the diameter of Mars. To an observer on Mars it would 
appear io have a diameter about one-third the diameter of the moon as seen from the 
earth, and would appear to rise in the west and set in the east, going through three- 
fourths of its cycle of phases while above the horizon. It would do this three times each 
day, since its sidereal period of revolution is only about one-third the period of rotation 
of Mars. No other natural satellite is known to revolve faster than its primary rotates. 
Deimos is only about 5 miles in diameter, and at greatest brilliance would appear 
as a very bright star. About 66 hours would elapse between rising and setting, during 
which it would go through the various phases twice. 

Jupiter (fig. 1411), largest of the known planets, has more than twice the mass of all 
other known planets combined. Its density is low and its rotation fast (9°50), resulting 
in a pronounced equatorial bulge. It is believed to huve a dense, solid core, surrounded 
by lighter material, and a deep atmosphere of ammonia, methane, helium, and hydro- 
gen. Two of Jupiter’s 13 known satellites are about the same size as Mercury, and may 
have atmospheres. The four outermost sateflites revolve from east to west, opposite to 
the general direction of revolution within the solar system. 

Saturn (fig. 1411) is the only planet having a density less than that of water, yet it 
has a mass of nearly one-third that of Jupiter, and nearly three times that of all other 
known planets combined. Its composition is believed to be similar to that of Jupiter. 
It is more oblate than any other known planet. Perhaps the most interesting feature 
of this planet is its rings, composed of a great number of small solid particles spread 
out in three thin, flat rings more than 170,000 miles in diameter. The particles nearest 
the planet revolve more rapidly than those farther out, the innermost ones completing 
a revolution in less time than the planet completes a rotation. During half the 29.5- 
year sidereal period of revolution of the planet one side of the rings is visible to observers 
on the earth, and during the second half of the period the opposite side is visible. 
Saturn has ten known satellites, the outermost one of which revolves from east to west. 

Uranus is barely visible to the unaided eye, being of the sixth magnitude. It is 
a comparatively large planet, and probably is similar in composition to Jupiter and 
Saturn. The inclination of the equator of Uranus to the plane of the ecliptic is 9&7, or 
82° if the revolution is considered from east to west. Its five known satellites, all small, 
revolve in the equatorial plane, in the same direction as that of rotation of the planet. 

Neptune is slightly smaller then Uranus, but has greater mass, and a longer period 
of rotation. Relatively little is known of this remote planet of the eighth magnitude. 
However, it is known to have two satellites, the larger (probably bigger than the moon) 
revolving from east to west. 
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Courtesy of Mt, Wiltoax end Palomar Obserratories. 


Figure 1411.—Mar, Jupiter, Saturn, and Pluto. First three photographed with 100-nch 
telescope. Pluto with 200-inch telescope. 


Pluto (fig. 1411) was identified in 1930. It is of the 15th magnitude, and cannot 
be seen in small telescopes. In all but the 200-inch telescope it appears as a point of light. 
Its diameter is less than half that of the earth. Its orbit is the most. eccentric and has 
the greatest inclination to the ecliptic of any of the known planets. At perihelien it 
is closer to the sun than Neptune, and there is some evidence te support the view that 
it was at one time a satellite of the larger planet. 

Minor planets. About 1,800 of these tiny pianets have been discovered, but it is 
estimated that there may be as many as 50,000 bright enough to be seen by the largest 
telescopes, when they are nearest the earth. The largest, Ceres, has a diameter of 
about 480 miles. All but a few are iess than 106 miles in diameter. Since there is no 
known lower limit, there may be no distinction between minor planets and meteors. 
The combined mass of all miner planets probably does not exceed 0.1 percent that of the 
earth. The orbits, of various degrees of eccentricity and inclination to the ecliptic, lie 
mostly between those of Mars and Jupiter. However, at perihelion some of the minor 
planets are inside the earth’s orbit. The orbit of Hidaigo is shown in figure 1407a. 

1412. The moon is the only satellite of direct navigational interest, although the 


longitude could be found (art. 126). The rotation and revolution of the moon are both 
west to east, and both are cf the same duration, 27°07543711!5 with respect to the 
stars (the sidereal month) and 29125447028 with respect tc ..e sun (the synodical 
month). Because there is no difference in the periods of rotation and revolution, the 
same side of the moon is always turned toward the earth. However, about 59 percent 
of the moon’s surface has been seen from earth, due to libration. Libration in latitude 

































































satellites of Jupiter were at one time used to determine Greenwich mean time, so that ; 





are MMAR RS A A 


eid Ml cays sau sn, al da et gindlshtd arden uaevnouak AMG OP L'a inlshudlhtuale el 
hus savy ltl sae ath waits iy 






cm eT shgnaiianponomnnninmytanemien) ANN On) HOD 
1 emma RT 5 SRAM RR mon ” 


‘ith 


ksh 


a 


yi 


cut Se ai ic aR 


i 
] 


nich 


etn 






anni 
















































































NAVIGATIONAL ASTRONOMY 


occurs because the axis of rotation is tilted about 6°5 with respect to the axis of revolu- 
tion. Libratiun in longitude occurs because the speed of revolution varies in accordance 
with Kepler’s second law (art. 1407), while the rotational speed is essentially constant. 
Diurnal libration occurs because of the changing postion of the observer relative to 
< the moon, due to rotatien of the earth. Physical libration is a small pendulum-like 
rotational osciilation of the moon with respect to its radius vector. 

At perigee the moon is about 221,000 statute miles from the earth’s center, and 
. apogee it is about 253,000 miles distant. The average distance is about 238,862 

ies, Because of the relative nearness uf the moon, tis geocentric parallax (difference 
us positicn relative to the background of stars, as observed from the surface and center 
of the earth) is comparatively Jarge. It is a maximum when the moon is on the horizon, 
when it is called horizontal parallax. The equatorial horizontal parallax for an observer 
at the equator, where the maximum radius cf the earth is involved, is tabulated in the 
Nautical Almanac and the American Ephemeris and Nautical Almanac, and used in 
sextant altitude corrections given in tue nautical and air almanacs. Tho parallax varies 
from a muximum at the horize’. to zero at the zenith. The parallax at any altitude is 
sometimes calied par“ilax in altitude. [The apparent diameter of the moon is approxi- 
mately the same as that of the sun, but varies throuzh wider limits. Because the moon 
is so near, the radius cf the earth is an appreciable percents ze of the distance between 
earth and moon, and the apparent diameter of the m on increases a measurable amount 
as its altitude increases (decreasing the distance from the observer). This apparent 
- increase is called augmentation (fig. 1412). A siniilar effect for the sun is very small. 

As with the planets and su:i, the moon and earth both revolve around their common 
center of mass, which is about 2,900 miles ‘rom the center of the earth. It is this center 
of mass that describes the orbit of the earth (and moon) around the sun. 

Because of its 1elative nearness and size, the moun is the principal source of ‘he 
gravitational attraction that causes tides, although the sun has an appreciable effect, 
also, The action of these bodies in causing tides is described in arti:le 3198. Because of 
the frictional action of tides, the rotation of the earth is slowing, the length of the day 
increasing about 02001 per century. 

On the moon, the day is equal in length to the synodical month (about 29% days). 
The earth would reme : almost stationary in the sky for an observer on the 41 percent 
of the moon’s surface always visible from the earth, would rise and set at about the same 
point on the horizon for one on the 18 percent which is sometimes visible, and would 
never appear for one on the 41 percent not seen from the earth. 

1413, Comets and meteors.—Comets are swarms of relatively small, widely 
‘ sparated, solid bodies held together by inutua! attraction. Around this nucleus, a 
more spectacular, gaseous head or coma and tail Liay form as the comet approaches 
the sun. Tne tail is directed away from the sun, so that it follows the head while the 
comet is approaching the sun, and precedes the head while the comet is receding. The 
total mass of a comet is very small, and the tail is so thin that stars can easily be seen 
through it. In 1910 ve earth passed through the tail of Halley’s comet (fig. 1412) 
without noticeable effect. 

Comets are erratic and inconsistent. Some travel east to west and some west to 
east, in highly eccentric orbits inclined at any angle to the ecliptic. The shortest period 
of revol::tion is about 3.3 years. Some periods are so long that astronomers speculate 
as to whether some comets may nv‘ come in from outside the solar system for a single 
.-tp around the sun, and then leave the solar system, never .o return. In such a case 
the »:bit would be approximately a parabola (art. {34, vol. I). 

Without their tails, which exist only when rear the sun, comets are not spectacular. 
Because of the small «ize of their nuclei, which shine by reflected light from the sun, 
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Figure 1412.—Augmentation. 


comets are visible for only a small part of their period of revolution, and this is the 
part of most rapid motion, in accordance with Kepler’s second law (art. 1407). An 
average of about five comets is observed each year, and about two-thirds of these are 
identified as previously observed comets. Very few comets are ever visible without 
a telescope. The spectacular Halley’s comet reached aphelion in 1948 and started back 
toward the sun. It is expected to reach perihelion about February, 1986. 

Meteors, popularly caJled shooting stars, are tiny, solid bodies too small to . 
seen until heated to incandescence by air friction while passing through the earth’s 
atmosphere. A particularly bright meteor is called o fireball. One that explodes is 
called a bolide. A meteor that is not consumed during its fall through the atmosphere, 
but lands as a solid particle, is called a meteorite. These are composed principally of 
iron, with some nickel, and smaller quantities of other material. 

Vast numbers of meteors exist. It has been estimated that an average of abate 

1,000,000 bright enough to be seen enter the earth’s atmosphere each hour, and many 


? ’ 
times this number undoubtedly enter, but are too small to attract etiextion. A faint 
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Courtesy of Mt, Wilson and Palomar Obdserratories. 


Figure 1413.—Halley’s Comet; fourteen views, made between April 26 and June 11, 1910. 


glow sometimes chserved extending upward approximately along the ecliptic before 
sunrise and after sunset has been attributed to the reflection of sunlight from quantities 
of such material. This glow is called zodiacal light. A faint glow at that point of the 
echptic 180° from the sun is called the gegenschein or counterglow. Comets may be 
an assemblage of a large number cf meteors traveling together, and minor planets (art. 
1411) may be larger meteors. Meteor showers occur at certain times of the year when 
the earth is believed to be passing through meteor swarms, the scattered remains of 
comets that have broken up. At these times the number of meteors observed is meny 
tiines the usual number. 

Since such large amounts of this material ave in existence, much of it in an orbit 
near the ecliptic, and since the orbits of most minor planets lie between those of Mars 
and Jupiter, where astronomers compute the orbit of another planet should be located, 
it is possible that another planet may have existed there at one time and been disrupted, 
perhaps by an atomic explosion of hydrogen or other material. The estimated total 
mass of all meteors, comets, and minor planets would mako a small planet, but if the 
material which has fallen on other planets and satellites, and perhaps some or all of the 
satellites themselves, are added, a sizeable planet might be accounted for. 
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1414, Stars are distant suns, in many ways resembling the body which provides 
the earth with most of its light and heat. Even the nearest star is too distant to be 
seen as more than a point of light in the largest telescope. If planets, satellites, cornets, 
etc., accompany those distant suns, as they do the one nearby, they have not been 
detected. However, comparatively dark companions of planetary size are known te 
accompany some stars. Nonluminous stars may exist, since most of the rudio. stars 
(points from which radio energy emanates) are not marked by a body visible to observers 
on the earth. The distance of the stars is so greut that none is known to have a helio- 
centric parallax (difference in apparent position as observed from the earth and the sun) 
of as much as 1’. , : 

Stars differ in size from gaseous giants having diameters greater than that of the 
orbit of the earth, to dense dwarfs which may be no larger than the major planets. 
Although the size and density cover wide ranges, the mass does not differ greatly. 
Relatively few stars have more than five times or less than one-fifth the mass of the | 
sun, which is also about average in size, density, and temperature. The color varies 
with the temperature. A very hot star, having a surface temperature of perhaps 20,000° . 
K (Celsius absolute) or more, is bluish-white; while a cooler star, having a temperature 
of perhaps 2,000° K, is faintly reddish. 1n Orion, blue Rigel and red Betelgouse, located ; 
on opposite sides of the belt, constitute a noticeable contrast. 

Under ideal viewing conditions, the dimmest star that can be seen with the unaided 
eye is of the sixth magnitude. In the entire sky there are about 6,000 stars of this 
magnitude or brighter. Half of these are below the horizon at any time. Because of 
the greater absorption of light near the horizon, where the path of a ray travels for a 
greater distance through the atmosphere, not more than perhaps 2,500 stars are visible 
to the unaided eye at any time. The 200-inch te.escope on Palomar Mountain permits 
stars as dim as the twenty-first magnitude to be seen. It has been estimated that 
there are about 1,000,000,000 of this magnitude or brighter. A long-term photographic 
exposure with the 200-inch telescope permits observation of about twice this number. 
There is no indication that this is more than a tiny fraction of the total number. How- 
ever, the average navigator seldom uses more than perhaps 20 or 30 of the brighter 
stars. Stars which exhibit a noticeable change of magnitude are called variable stars. 
A star which suddenly becomes several magnitudes brighter and then gradually fades 
is called a nova. A particularly bright one is culled a supernova. 

Two stars which appear to be very close together are called a double star. If | 
more than tio stars are included in the group, it is called a multiple star; and if a ; 
large number appear in approximately spherical shape, it is called a glonular cluster. 
A group of stars moving through space together, but not exhibiting the intimate 
relationship of a globular cluster, is called an open cluster. The “/leiades and some 
stars of the Big Dipper (with certain other stars) are examples of open clusters. A 
group of stars which appear close together, regardless of actual distances, is popularly 
called a constellation, particularly if the group forms a striking configuration. Among 
astronomers a constellation is now considered a region of the sky having precise bound- 
aries so arranged that all of the sky is covered, without overlap. The ancient Greeks 
recognized 48 constelietions covering only certain groups of stars. Modern astron- 
omers recognize §8 constellations. The constellation names and meanings are given in 
appendix K. 

A cloudy patch of matter in the heavens is called a nebula (plural nebulae). If it 
is within tae galaxy of which tlhe sun is a part, it is called a galactic nebula; if outside, 
it is called an extragalactic nebula. 

Stars rotate on their axes, and revolve around the center of their gelaxy, in addition 
to influencing and being influenced by surrounding sters. Motion of a star through 
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2 
space, "xe that of any celestial body, is called space motion. That component in the i = 
line of ight is called radial motion; while that component across the line of sight, i 2 
causing a star to change its apparent position relative to the background of more ; 2 
distant stars, is called proper motion. i a 
1415. Galaxies.—A great number of the nebulae have been identified as extra- i a 
zalactic, and as telescopes became more powerful, it was discovered thav these small i Fs 
cloudy patches are groups of stars, in many ways resembling the group of stars of which : = 
the sun is a part. Each such vast assemblage of stars constitutes an island universe as a 
widely separated from others, comparatively, as individual stars in one group. Such 2 
a 


a group is called a galaxy. It was not until well within the twentieth century that the 
sun was recognized as a part of such a galaxy, the Milky Way. In a galaxy the stars i 
tend to congregate in groups called star clouds arranged in long spiral] arms. The spiral # 





nature is believed due to revolution of the stars about the center of the galaxy, the inner a 
stars revolving more rapidly than the outer ones (fig. 1415). At the position of the 2 
. sun, about two-thirds of the way out from the center, and nearly midway between a 
“top” and “bottom,” the period of revolution is about 200,000,000 years at the present x 
speed of about 175 miles per second. This is nearly ten times the speed of the earth in s 
its orbit. An average estimate of the size of a galaxy is that it is about 190,000 light = 
years in diameter, 15,000 light years thick at the center, and 5,000 light years thick 1 F 
near the outer edge, and that it contains perhaps 100,000,000,000 stars. This is about 100 i 2 
times the number of stars that can be seen through the 200-inch telescope. Within the 1 S 
radius of 1,600,000,000 ligh: years that man is able to penetrate there are perhaps 3 
100,000,000 galaxies, although only a small fraction of this number kas been actually g 


observed. 

; The galaxies which have been discovered are observed to congregute in groups, 
somewhat similar to stars in a galaxy. Whether the part seen is but a small portion of a 
larger unit too vast iv be seen with present instruments has not been established. 
Through his progress in astronomy man hopes to see much more of what surrounds 
him in space, and perhaps to answer some of the questions which’confront him. 
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Courtesy of Mt. Wilson and Palomar Obserraterics. 4, 


Figure 1415,—Spiral nebula Messier 51, in Canes Vereticr. 
a Satellite nebula is NGC 5195. 
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Apparent Motien 


1416, Apparent motion due to rotation of the earth is much greater than any other 


observed motion of celestial bodies. It is this motion that causes celestial bodies to ; 
appear to rise somewhere along the eastern half of the horizon, climb to maximum « 


altitude as they cross the meridian, and set along the western horizon, at about the 


same point relative to due west as the rising point was to due east. This apparent motion ‘ 


along the daily path, or diurnal circle, of the body is approximately parallel to the plane 
of the equator. It would be exactly so if rotation of the earth were the only motion, 
and the axis of rotation of the earth were stationary in space (arts. 1417 and 1419). 
The apparent effect due to rotation of the earth varies with the latitude of the ob- 
server. At the equator, where the equatorial plane is vertica: (since the axis of rotation 
of the earth is parallel to the plane of the horizon), bodies eppear to rise and set verti- 
cally. Every celestial body is above the horizon approximately half the time. The 
celestial sphere as seen by an observer at the equator is called the right sphere, shown in 
figure 1416a. Several unique relationships of the right sphere are discussed in article 1433. 
For an observer at one cf the poles, bodies having constant declination neither 
rise nor set (neglecting precession of the equinoxes and changes in refraction), but circle 
the sky, always at the same altitude, making one comple!. tr:p around the horizon 
each day. At the North Pole the motion is clockwise, and at tne south Pole it is counter- 
clockwise. Approximately half the stars are always above the horizon and the other 
half never are. This is modified somewhat by actual conditions, a description of which 
is given in chapter XXV. The parallel sphere at the poles is illustrated in figure 1416b. 
Between chese two extremes, the apparent motion is a combination of the two. 
On this oblique sphere, illustrated in figure 1416c, cireumpolar celestial bodies remain 
above the horizon during the entire 24 hours, circling the elevated celestial pole (art. 
1426) each day. The stars of the Big Dipper and Cassiopeia .re circumpolar for many 


observers in the United States. An approximately equal part of the celestial sphere 
remains below the horizon during the entire day. The Southern Cross is not visible 
to most observers in the United States. Other bodies rise obliquely along the eastern 
horizon, climb to maximum altitude at the celestial meridian, and set along the western 
horizon. The length of time above the horizon, and the altitude at meridian transit, 
vary with both the latitude of the observer and the declination of the body. Several 
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Figure 1416a.—The right sphere. niet 


Figtre !416b.—The paratlel sphere. 
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NAVIGATIONAL ASTRONOMY 


useful relationships of the oblique sphere are indicated in article 1432. At the polar 
circles (art. 1419) of the earth and beyond, even the sun becomes circumpolar. This 
is the land of the midnight sun, where the sun does not set during part of the summer, 
and does not rise during part of the winter. 

The increased obliquity at higher latitudes explains why days and nights are 
always about the same length in the tropics, and the change of length of the day becomes 
greater as the latitude increases. It also explains why twilight lasts longer in higher 
latitudes. Twilight is that period of incomplete darkness following sunset and preceding 
sunrise. Evening twilight starts at sunset, and morning twilight ends at sunrise. The 
darker limit of twilight occurs when the center of the sun is a stated number of degrees 
below the celestial horizon. Three kinds of twilight are defined, depending upon the 
darkex limit. These are: 


Twilight Lighter limit Darker limit Al darker limit 
civil —0°50’ —6° Horizon clear and bright stars visible 
nautical —0°50' —12° Horizon not visible 
astronomical —0°50’ —18° Full night 


The conditious at the darker limit are relative and vary considerably under different 
atmospheric conditions. 

In figure 1416d the twilight band is shown, with the darker limits of the various 
kinds indicated. The nearly vertical celestial equator line is for an observer at latitude 
. 20°N. The nearly horizontal celestial equator line is for an observer at latitude 60°N. 
The broken line in each case is the diurnal circle of the sun when its declination is 
15°N. The relative duration of any kind cf twilight at the two latitudes is indicated 
by that portion of the diurnal circle between the horizon and the darker limit, although 
it is not directly proportional to the relative length of line shown, since the projection is 
orthographic (art. 319). The duration of twilight at the higher latitude is longer, 
proportionally, than shown. Note that complete darkness does not occur at latitude 
60°N when the declination of the sun is 15°N. 

1417. Apparent motion due to revolution of the earth.—If it were possible to 
stop the rotation of the earth so that the celestial sphere would appear stationary, 
the effects of the revolution of the earth would become more noticeable. In one year 
the sun would appear to make one complete trip around the earth, from west to east. 
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Fiaure gee sphere at Freure 1416d—The various iwilights at lat. 
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358 NAVIGATIONAL ASTRONOMY 


Hence, it would seem to move eastward a little less than 1° per day. This motion can 
be observed by watching the changing position of the sun among the stars. But since 
both sun and stars generally are not visible at the same time, a better way is to observe 
the constellations at the same time each night. On any night a star rises nearly four 
minutes earlier than on the previous night. Thus, the celestial sphere appears to shift 
westward nearly 1° each night, so that different constellations are associated with 
different seasons of the year. 

Apparent motions of planets and the moon are due to a combination of their 
motions and those of the earth. If the rotation of the earth were stopped, the combined 
apparent motion due to the revolutions of the earth and other bodies would be similar 
to that occurring if both rotation and revolution of the earth were stopped, as discussed 
in article 1418, but with different timing. Stars would appear nearly stationary in | 
the sky, but would undergo a small annual cycle of change due to aberration. The | 
motion of the esrth in its orbit is sufficiently fast to cause the light from stars to appear 
to shift slightly in the direction of the 2arth’s motion. This is similar to the illusion 
one haus when walking in rain that is falling vertically, but appearing to come from 
ahead due to his own motion. The apparent direction of the light ray from the star is 
the vector difference (art. 118, vol. II) of the motion of light and the motion of the 
earth, similar to that of apparent wind on a moving vessel. This effect is most apparent 
for a body perpendicular to the line of travel of the earth in its orbit, for which it reaches 
a maximum value of 2075. The effect of aberration can be noted by comparing the co- 
ordinates (declination and sidereal hour angle) of various stars throughout the year. 
A change is observed in some bodies as the year progresses, but at the end of the year 
the values have returned almost to what they were at the beginning. That they do not 
return exactly is due to proper motion (art. 1418), precession of the equinoxes (art. 
1419), and nutation, which is an irregularity in the motion of the earth due to the 
disturbing effect of other celestial bodies, principally the moon. Eulerian motion is 4 
slight wobbling of the earth about its axis of rotation, often called polar motion, and 
sometimes wandering of the poles. This motion, which does not exceed 40 feet from 
the mean position, produces slight variation of latitude and longitude of places on the 
earth. 

By the calendar, one yeer is of 365 days duration for common years and 366 days 
for leap years. A leap year is any year divisible by four, unless it is a century year, 
which must be divisible by 400 to be a leap year. Thus, 1900 was not a leap year, but 
2000 will be. This calendar, now in general use, is called the Gregorian calendar. 
Astronomically, the year is not divisible into a whole number of days, and the present 
system will introduce an error of three days in about 10,000 years. The length of the 
year with respect to the vernal equinox (art. 1419) is about 365 days, 5 hours, 48 : 
minutes, 46 seconds. This is the tropical, astronomical, equinoctial, natural, or solar 
year. Since the vernal equinox is in motion on the celestial sphere (art. 1419), this 
does not quite agree with the sidereal year of about 365 days, 6 hours, 9 minutes, 10 
seconds, with respect to the stars. The period of revolution from perihelion to perihelion, 
about 365 days, 6 hours, 13 minutes, 53 seconds, is called the anomalistic year. These 
values vary slightly from year to year, and progressively over the years, as shown in 
appendix D. 

1418. Apparent motion due to movement of other celestial bodies.—Even if it 
were pcssible to svap both the rotation and revolution of the earth, celestial bodies 
would not appear stationary on the celestial sphere. The moon would make one revo- 
lution about the earth each sidereal month (art. 1412), rising in the west and setting in : 
the east. The inferior planets would appear to move eastward and westward relative to 
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NAVIGATIONAL ASTRONOMY 359 


’ the sun, as explained iv article 1422, staying within the zodiac. Superior planets would 
- appear to make one revolution around the earth, from west to east, each sidereal period. 


Since the sun (and the earth with it) and all other stars, as far as is known, are in 
motion relative to each other, slow apparent motions would result in slight changes in 
the positions of the stars relative to each other. This space motion (art. 1414) is, in 
fact, observed by telescope. That component of such motion across the line of sight, 
called proper motion, produces a change in the apparent position of the star. The 
maximum which has been observed is that of ‘‘Barnard’s Star,” which is moving at the 
rate of 1073 per year. This is a tenth-magnitude star, and hence not visible to the 
unaided eye. Of the 57 stars listed on the daily pages of the almanacs, Rigil Ken- 
‘aurus has the greatest proper motion, about 377. Arcturus, with 273, has the greatest 
proper motion of the navigational starsin the Northern Hemisphere. In a few thousand 
years proper motion will be sufficient to materially alter some familiar configurations 
ef stars, notably the Big Dipper. 

1419. The ecliptic is the path the sun appears to take among the stars due to the 
annual revolution of the earth in its orbit. It is considered a great circle of the celestial 
sphere, inclined at an angle of about 23°27’ to the celestial equator, but undergoing a 
continuous slight change. This angle is called the obliquity of the ecliptic. This inclina- 
tion is due to the fact that the axis of rotation of the earth is not perpendicular to its 
orbit. It is this inclination which causes the sun to appear to move north and south 
during the year, giving the earth its seasons, and changing lengtiis of periods of day- 
light. This seasonal variation is one of the factors making the earth a desirable place 
on which to live. 

Refer to figure 1407b. The earth is at perihelion early in January and at aphelion 
six months later. On or about June 21, about ten or eleven days before reaching aphelion, 
the northern part of the earth’s axis is tilted toward the sun. The north polar regions 
are having continuous sunlight; the Northern Hemisphere is having its summer with 
long, warm days and short nights; the Southern Hemisphere is having winter witb 
short days and long, cold nights; and the south polar region is in continuous darkness. 
This is ‘the summer solstice. Three months later, about September 23, the earth has 


‘ moved # quarter of the way around the sun, but its axis of rotation still points in 


about the same direction in space. The sun shines equally on both hemispheres, and 
days and nights are the same length over the entire world. The sun is setting at the 
North Pole, and rising at the South Pole. The Northern Hemisphere is having its autumn, 
and the Southern Hemisphere its spring. This is the autumnal equinox. In another three 
months, on or about December 22, the Southern Hemisphere is tilted toward the sun 
and conditions are the reverse of those six months earlier, the Northern Hemisphere 
having its winter, and the Southern Hemisphere its summer. This is the winter solstice. 
Three months later, when both hemispheres again receive equal amounts of sunshine, 
the Northern Hemisphere is having spring and the Southern Hemisphere autumn, the 
reverse oi conditions six months before. This is the vernal equinox. 

The word “equinox,” mean:ng “equal nights,” is applied because it occurs at the 
time when days and nights are of approximately equal Jength all over the earth. The 
word “solstice,” meaning ‘“‘sun stands stil,’’ is applied because the sun stops its apparent 
northward or southward motion and momentarily “stands siil]” before it starts in the 
opposite direction. This action, somewhat analogous to the “stand” of the tide (art. 
3104), refers to the motion in a north-south direction only, and not to the daily apparent 
revolution around the earth. Note that it does not occur When the earth is at peri- 
helion and aphelion (fig. 1407b). Refer to figure 1419a. At the time of the vernal 
equinox, the sun is directly over the equator, crossing from the Southern Hemisphere to 






































HT 


ir 
sie ; 


ia 


















































































































































360 NAVIGATIONAL ASTRONOMY 


aN 


31S \ 





Winter Solstice 


Figure 1419a.—Apparent motion of the sun in the ecliptic. 


the Northern Hemisphere. It rises due east and sets due west, remaining above the 
horizon about 12 hours. It is not exactly 12 hours because of refraction, semidiameter, 
and the height of the eye of the observer. These cause it to be above the horizon a little 
longer than below the horizon. Following the vernal equinox, the northerly declina- 
tion increases, and the sun climbs higher in the sky each day (at the latitudes of the 
United States), until the summer solstice, when a declination of about 23°27’ north 
of the celestial equator is reached. The sun then gradually retreats southward until it 
is again over the equator at the autumnal equinox, at about 23°27’ south of the celestial 
equator at the winter solstice, and back over the selestiel equator again at the next 
vernal equinox. 

The sun is nearest the earth during the northern hemisphere winter. Hence, it is 
not the distance that is responsible for the difference in temperature during the 
different seasons. The reason is to be found in the altitude of the sun in the sky and the 
length of time it remains above the horizon. During the summer the rays are more 
nearly vertical, and hence mores concentrated, as shown in figure 1419b. Since the sun is 
above the horizon more than half the time, heat is being added by absorption during 8 
longer pericd than it is being lost by radiation. This explains the lag of the seasons. 
Following the longest day, the earth continues to receive more heat than it dissipates, 
but at a decreasing proportion. Gradually the proportion decreases until a balance is 
reached, after which the earth cools, losing more heat than it gains. This is analogous 
to the day, v hen the highest temperatures normally occur several hours after the sun 
reaches maximum altitude at meridian transit, and for the same reason. A similar lag 


occurs at other seasons of the year. Astronomically, the seasons begin at the equinoxes ' . 


and solstices, Meteorologically, they differ from place to place. 
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F December 22 
Be Figure 1419b.—Sunlight in summer and winter. 


Compare the surface covered b: the same 
3 amount of sunlight on the two dates. 


By Kepler’s second law, the earth travels faster when nearest the sun, as shown 

in figure 14°9c. Hence, the northern hemisphere (astronomical) winter is shorter than 
- its summer, the difference being about seven days. 

Everywhere between the parallels of about 23°27’N and about 23°27’S the sun 
is directly overhead at seme time during the year. Except at tae extremes, this occurs 
twice, once as the sun xppears to move northward, and the second time as it moves 
southward. This is the torrid zone. The northern limit is the Tropic of Cancer, and 
the southern limit the Tropic of Capricorn. These names come from the constellations 
which the sun entered at the solstices when the names were fi: ‘ applied, more than 
2,000 years ago. Today, the sun is in the next constellation toward the west, because 

of precession of the equinoxes, described below. TLe parallels about 23°27’ from the 





Figtre 1419c.—Kepler’s second law. Since the 
shaded areas are equal. speed at perihelion is 
greater than at aphelion. 
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362 NAVIGATIONAL ASTRONOMY 

poles, marking the approximate limits of the circumpolar sun, are called polar circles, 
the one in the Northern Hemisphere being the Arctic Cirele and the one in the South- 
ern Hemisphere the Antarctic Circle. The areas inside the polar circles are the north 
and south frigid zones. The regions between the frigid zones and the torrid zones are 
the north and south temperate zones. 

The expression “vernal equinox,’ and associated expressions, are applied both to 
the times and points of occurrence of the various phenomena. Navigationally, the vernal 
equinox is sometimes called the first point of Aries, because, when the name was given, 
the sun entered the constellation Aries, the ram (YT), at this time. This point is of 
interest to navigators because it is the origin of measurement. »i sidereal hour angle 


(art. 1426). The expressions March eauinox, June solstice, September equinox, and | 
December solstice are cccasionally applied as appropriate, because the more common | 
names are associated with the seasons in the Northern Hemisphere, and are six months | 


out of step for the Southern Hemisphere. 

The axis of the earth is undergoing a precessional motion similar to that of a top 
spinning with its axis tilted. In about 25,800 years the axis completes a cycle and 
returns to the position from which it started. Since the celestial equator is 90° from the 
celestial poles, it toc is moving. The result is a slow westward movement of the equinuxes 
and solstices, which has already carried them about 30°, or one constellation, along 
the ecliptic from the positions they occupied when named more than 2,000 years ago. 
Since sidereal hour angle (art. 1426) is measured from the vernal equinox, and declina- 
tion (art. 1426) from the celestial equator, the coordinates of celestial bodies would be 
changing even if the bodies themselves were stationary. This westward motion of the 
equinoxes along the ecliptic is called precession of the equinoxes (fig. 1419a). The 
total amount, called general precession, is about 50°27 per year (in 1975). It may be 
considered divided into two components, precession in right ascension (about 46710 
per year) measured along the celestial equator, and precession in declination (about 
20704 per year) measured perpendicular to the celestial equator. The annual change in 
the coordinates of any given star, due to precession alone, depends upon its position on 
the celestial sphere, since these coordinates are measured relative to the polar axis 
while the precessional motion is relative to the ecliptic axis (art. 1431). 

Due to precession of the equinoxes, the celestial poles are describing circles in the 


sky. The north celestial pole is moving closer to Polaris, which it will pass at a distance ; 
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of approximately 28’ about the year 2102. Following this, the polar distance will in- ; 


crease, and eventually other stars, in their turn, will become the Pole Star. Similarly, 
the south celestial pole will some day be marked by stars of the false Southern Cross. 

The precession of the earth’s axis (fig. 1419d) is the result of gravitational forces 
exerted principally by the sun and mocn on the earth’s equatorial bulge. The spinning 
earth responds to these forces in the manner of a gyroscope (art. 630). Regression of the 
nodes (art. 1423) introduces certain irregularities known as nutation in the precessiona! 
motion. 

1420. The zodiac is a circular band of the sky extending 8° on each side of the 
ecliptic. The navigational planets and the moon are within these limits. The zodiac 
is divided into 12 sections of 30° each, each section being given the name and symbol 
(“sign”) of the constellation within it. These are shown in figure 1420. The complete 
list of signs and names is given in appendix C. 

The sun remains in each part for approximately one month. When the names were 
assigned, more thar. 2,000 years ago, the sun entered Aries (1) at the vernal equinox, 
Cancer (5) at the summer solstice, Libra (==) at the autumnal equinox, and Capricornus 
(¥) at the winter solstice. Even though this is no longer true because of precession 
of the equinoxes, these constellations are still used for the position of the sun at the 
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Figure 1419d.—Precession and nutation. 
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Figure 1420.—The zodiac. 


times of the equinoxes and solstices. The pseudo science of astrology assigns additional 
significance, not recognized by scientists, to the positions of the sun and planets among 
the signs of the zodiac. 

1421. Time.—Traditionally, astronomy has furnished the basis for measurement 
of time, a subject of primary importance to the navigator. The year is associated 
with the revclution of the earth in its orbit. The day is one rotation of the earth about : 
its axis. 

‘Lhe duration. of one rotation of the earth depends upon the external reference point 
used. One rotation relative to the sun is called a solar day. However, rotation relative 
te +h.e apparent sun (the actual sun that appears in the sky) does not provide time of 
uniform rate, because of variations in the rate of revolution and rotation of the earth. 

The error due to lack of uniform rate of revolution is removed by using a fictitious mean 
sun. Thus, mean solar time is rearly equal to .he averege apparent solar time. Because 
the accumulated difference between these times, called equation of time, is continually 
changing, the period of daylight is shifting slightly, in addition to its increase or decrease 
in length due to changing declination. Apparent and mean suns seldom cross the 
celestial meridian at the same time. The cerliect sunset fin latitudac af the United 
States) occurs about two weeks before the winter solstice, and the latest sunrise about. 
two weeks after winter solstice. A similar but smaller apparent discrepancy occurs at 
the summer solstice. 

Universal Time is a particular case of the measure known in general as mean 
solar time. Universai Time is the mean soler time on the Greenwich meridian, reckoned 
in days of 24 mean solar hours beginning with 0° at midnight Universal Time and © “™ 
sidereal time are rigorousiy related by a formula so that if one is xnown the other can 
be found. 
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Universal Time, in principle, is determined by the average rate of the apparent 
daily motion of the sun relative to the meridian of Greenwich; but in practice the 
numerical measure of Universal Time at any instant is computed from sideral time. 

Universal Time is the standerd in the application of astronomy to navigation. 
Observations of Universal Times are made by observing the times of transit of stars. 

If the vernal equinox is used as the reference, a sidereal day is obtained, and from 
it, sidereal time. This indicates the approximate positions of the stars, and for this 
reason is tbe basis of star charts (art. 2204) and star finders (art. 2210). Because of 
the revolution of the earth around the sun, a sidereal day is about 3"56° shorter than a 
solar day, and there is one more sidereal than solar days in a year. One mean solar day 
equals 1.00273791 mean sidereal days. Because of precession of the equinoxes, one 
rotation of the earth with respect to the stars is not quite the same as one rotation with 
respect to the vernal equinox. One meen solar day averages 1.0027378118868 rota- 
tions of the earth with respect to the stars. 

In tide analysis, the moon is sometimes used as the reference, producing a lunar 
day averaging 24"50™ (mean solar units) in length, and lunar time. 

Since each kind of day is divided arbitrarily into 24 hours, each hour having 60 
minutes of 60 seconds, the length of each of these units differs somewhat in the various 
kinds of time. 

Time is also classified according to the terrestrial meridian used as a reference. 
_ Local time results if one’s own meridian is used, zone time if a nearby reference meridian 

is used over a spread of longitudes, and Greenwich or Universal Time if the Greenwich 
- meridian is used. 

The subject. of time is discussed in more detail in XVIII. 

1422. Planetary configurations.—Since the orbit of an inferior planet lies within 
that of the earth, the planet and sun are nearly in line twice each synodic period of 
revolution of the inferior planet. When the sun is between the earth and the other 
planet, that planet is at superior conjunction. When the planet is between the earth 
and sun, it is at inferior conjunction. If the orbit of the planet had no inclination to 
the ecliptic, the planet would cross or transit the face of the sun at inferior conjunction 
and be eclipsed or occulted by the sun at superior conjunction. Occasionally this does 
occur. 

Refer to figure 1422, showing orbits of the earth, Venus (an inferior planet,) and 
Mars (a superior planet). As shown, the relative sizes of the orbits are correct, and the 
relative sizes of the planets are correct, but the planets are too large for their orbits and 
the sun, and the sun is too large for the orbits of the planets. The earth is considered 
stationary in its orbit. The positions of Venus are shown at superior and inferior con- 
junctions. In moving eastward from one to the other. Venus appears to move to 
the left of the sun. As observed from the earth, the angle between lines to the sun and 
a planet, particularly an inferior planet, is called the planet’s elongation, which may be 
designated east or west to indicate the apparent position of the planet relative to the 
sun. As Venus continues along its orbit, its elongation increases slowly until the planet 
arrives at the point where a straight line from the earth is tangent to its orbit, when the 
elongation becomes maximum. Here it is called greatest elongation east. As Venus 
continues along its orbit, its elongation decreases rapidly, becoming zero at inferior 
conjunction. Through the second half of its synodic period its elongation increases 
rapidly to greatest elongation west, and then decreases slowly to zero at the next 
superior conjunction. The greatest elongation of Venus is about 46°, but veries be- 
cause its orbit and that of the earth are elliptical, and the phenomenon occurs at different 
points on the orbits. 
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The orbit of the planet Mercury lies inside that of Venus, and hence the greatest 
elongation is not as great, being about 28°. It is because the apparent position of 
Mercury is never far from the sun that this planet is not considered navigationally 
important. Since its synodic period of revolution is only 115.9 days, it is at conjunc- 
tion a little oftener than once every two months. By comparison, Venus is at conjunc- 
tion a little oftener than once every ten months, having a synodic period of revolution 
of 583.9 days. 

As shown in figure 1422, an inferior planet goes through all phases similar to 
those of the moon (art. 1423), being “full” at superior conjunction, “new” at inferior 
conjunction, and at “quarter” when it reaches greatest elongation. A telescope is needed 
to see the phases. 

For a superior planet the situation is different. Refer again to figure 1422. When ° 
the sun is between the earth and the planet, that planet (Mars in the illustration) 
is at conjunction (o’). The adjective “superior” is not needed because a superior planet, ' 
when on the opposite side is away from the sun, or at opposition (&) and can never be ; 
at inferior conjunction. When its elongation is 90°, a superior planct is at east or west 
quadrature (()), depending upon its apparent position relative to the sun. Since a 
superior planet has a longer period of revolution than the earth, it appears to move | 
westward around the sun, being at conjunction, east quadrature, opposition, west quad- 
rature, and back ‘vy conjunction. It is at “full” phase at conjunction and oppositic~, *,.. 
and gibbous between. : 


Ficure 1422.—Planetary configurations. 
1 
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Unless a planet is in the ecliptic, it is not directly in line with the earth and sun 
” at conjunction and opposition. These points are defined as those at which either the 
sidereal hour angles (art. 1426) or the celestial longitudes (art. 1431) are the same (in 
- the case of conjunction) or 180° apart (at opposition). 

The apparent positions of the planets in relation to other members of the solar 
system, particularly the relationships shown in figure 1422, are called planetary con- 
figurations. The motions of planets with respect to the sun would be true, generally 
with respect to the stars, also, if the earth were stationary in its orbit, as shown. How- 
ever, because of the earth’s motion around the sun, the sun appears to move eastward 
among the stars. This is usually the direction of apparent motion of the planets, too, 
and is called direct motion. When a planet is near opposition or inferior conjunction, 
its apparent westerly motion relative to the sun is greater than the apparent easterly 
motion of the sun relative to the stars, and the planet appears to move in a westerly 
direction relative to the stars. This is called retrograde motion. 

The brightest planet in the western sky following sunset is popularly called the 
evening star, and the brightest planet in the eastern sky preceding sunrise is popularly 
called the morning star. 

1423. Phases of the moon.—Relative to the sun, the moon makes one complete 
trip around the celestial sphere each synodical month (about 29% days). As it does so, 
it goes through a cycle of aspects or phases to an observer on the earth, because the 
moon, like the planets, shines chiefly by reflected light from the sun. The orbit of the 
moon is inclined about 5° to the ecliptic, and undergoes a precessional motion called 
regression of the nodes. It is similar to precession of the equinoxes of the earth (art. 
1419), and is chiefly responsible for nutation (art. 1417). However, the cycle is com- 
pleted in a little more than 18 years, as compared with about 25,800 years for the earth. 

Because of the small inclination of its orbit, the moon is never far from the ecliptic. 
At conjunction, when the moon passes nearly between the earth and sun, its illuminated 
portion is away from the earth (toward the sun), as shown in figure 1423. (In this illus- 
tration, the outer figures show various positions of the moon relative to the earth and 
sunlight. The inner circle of moons shows the appearance from the earth.) It is then 
@ hew moon, and may be barely visible because of earthshine, which is sunlight reflected 
from the illuminated side of the earth. To an observer on the moon, the “full earth” 
would be visible at this time, three and one-half times as great in diameter and nearly 40 
times as bright as the full moon appears to an observer on the earth. Since it is at 
conjunction, the new moon rises, transits the celestial meridian, and sets at approxi- 
mately the same time as the sun. 

A day later the moon has moved about 12°2 eastward of the sun and a thin crescent 
appears on the side toward the sun, with the horns or cusps pointing away from the sun. 
The moon is low in the western sky after sunset. Because of glow from this illuminated 
portion, and the fact that the side of the earth toward the moon is not quite “full,”’ 
that part of the moon illuminated by earthshine is not quite as bright. Each day the 
moon moves approximately 12°2 east, relative to the sun. As it does so, the crescent 
grows fatter, and the earthshine less conspicuous. 

When the moon reaches quadrature, about a week after new mioon, it is at first 
quarter. That half of the moon toward the sun is illuminated. The moon is now about 
90° or six hours behind the sun. It rises about noon, is on the celestial meridian about 
6 pm, and sets about midnight. 

As the moon continues eastward on successive days, the line seperating the il- 
luminated and dark portions, called the terminator, moves on across the moon. The 
moon is now in the gibbous phase, which continues until the moon is at opposition, 
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Fieure 1423.—Phases of the moon. The inner Sgures of the moon represent its appearance from the 
eart 


or full moun. It now rises about the time of sunset, reaches the celestiel meridian 
about midnight, and sets about the time of sunrise. 

On succeeding days the moon again becomes gibbous, and at quadrature it is at | 
last quarter, rising about midnight, crossing the celestial meridian about 6 AM, and 


setting about noon. During the remainder of its cycle the moon again goes through ' 


the cresent phase and returns to new moon to start another cycle. 

During the first half of the cycle, the moon is waxing, and during the second half 
it is waning. The elapsed time since new moon, usually expressed as days and tenths 
of a day is called age of the moon. Since the moon appears to move eastward relative ! 
to the sun, crossing the meridian later each day, one day each synedical month is witho ub 
@ moonrise, and another is without a moonset. 

The times of moonrise and moonset indicated above are approximate only. When 
the difference between the declination of the sun and moon is considerable, the times 
given may be in error by as much as severa! hours, particularly in high latitudes. , 
The times of crossing the velestial meridian vary through smaller limits. 

At full moon, the sun and moon are on opposite sides of the ecliptic. Therefore, 
in the winter the full moon rises early, crosses the celestial meridian high in the sky, | 
and sets late; as the sun does in the summer. In the summer the full moon rises in 
the southeastern part of the sky (Northern Hemisphere), remains relatively low in the 
sky, and sets along the southwestern horizon after a short time above the horizon. 
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At the time of the autumnal equinox, that part of the ecliptic opposite the sun 
is most nearly parallel to the horizon. Since the eastward motion of the moon is approxi- 
mately along the ecliptic, the delay in the time of rising of the full moon from night to 
night is less than at other times of the year. The full moon nearest the autumnal 
equinox is celled the harvest moon. The full moon occurring about a-month later is 
called the hunter’s moon. ; . 

1424. Eclipses.—Because of tlie inclination of the moon’s orbit with respect to 
the ecliptic, the sun, earth, and moon are usually not so nearly in line at conjunction 
and opposition of the moon that either the earth or moon passes.through the shadow 
of the other. However, when this does occur, an eclipse takes place. Sincé-the sun 
and moon are of-nearly the same apparent size to an observer on the earth, an eclipse 
is a much more speciacular occurrence thau the transit of an inferior planet across 
the face of the sun, or the occultation of a star or planet by the sun or-moon (art. 1422). 

‘When conditions are suitable, the moon passes between the sun and earth, es 
shown in figure 14248. If the moon’s apparent diameter is larger than that of.the sun, 
the moon being near perigee, its shadow reaches the earth as a nearly round dot only 
a few miles in diameter. The dot moves rapicly across the earth, from west. to east, 
as the moon continues in its orbit. Within the dot, the sun is completely hidden 
from view, and a total eclipse of the sun occurs. Fcr a considerable distance around 
the shadow, part of the surface of the sun is obscured, and 2 partial eclipse occurs. In 
the line of travel of the shadow a partial eclipse occurs 2s the round disk of the moon 
appears to move slowly across the surface of the sun, hiding an ever-increasing part of 
it, until the total eclipse occurs. Because of the uneven edge of the mountainous 
moon, the light is not cut off evenly, but several last i!luminated portions appear through 
the valleys or passes between the mountain peaks. These are called Baily’s Beads. 
4 total eclipse is a spectacular phenomenon. As the iast light from the sun is cut off, 
the solar corona, or envelope of thin, illuminated gas around the sun, becomes visible. 
Wisps of more dense gas may appear as solar prominences (fig. 1424b). The only 
light reaching the observer is that diffused by the atmosphere surroundiag the shadow. 
As the moon appears to continue on across the face of the sun, the sun dinally emerges 
from the other side, first as Baily’s Beads, and then as an ever widening crescent 
until no part of its surface is obscured by the moon. 

The duration of a total eclipse depends upon how nearly the moon crosses the 
center of the sun, the location of the shadow on the earth, the relative orbital speeds 
of the moon and earth, and (principally) the relative apparent diameters of ‘he sun and 
moon. The maximum length that can occur is a little more than seven minutes. 

If the apparent diameter of the moon is less than that of the sun, its shadow does 
not quite reach the earth. Over a small area of the earth directly in line with the 


¥ moon and sun, the moon appears as a biack disk almost covering the surface of the sun, 
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Figtre i424a.—Eclipses of the sun and moon. 
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Courtesy of Mt. Wilson and Pclomar Odsercatories. 


Figure 1424b.-—Solar prominence 140,000 miles high, photographed in light of calcium. 
July 9, 1917. Small w hite disk shows relative size of earth. 
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but with a thin ring of the sun around its edge. This is an annular eclipse, and occurs | 
a little oftener than a total eclipse. 

If the shadow of the moon passes close to the earth, but not directly in line with 
it, a partial eclipse may occur withcut a total or annuiar eclipse. ' 

An eclipse of the moon occurs when the moon passes through the shadow of the 
earth, as shown in figure 14240. Since the diameter of the earth is about three and | 
one-half times that of the moon, the earth’s shadow at the distance of the moon is much : 
larger than that of the moon. A total eclipse of the moon can last nearly one and}; “a : 
three-quarters hours, and some part of the moon may be in the earth’s shadow for. 
almost four hours. During a total solar eclipse no part of the sun is visible because a, 
body (the moon) intervenes in the line of sight. During a lunar eclipse some light does , 
reach the moon because of diffraction by the atmosphere of the eurth. and hence the 
eclipsed full moon is visible as a faint reddish disk. A lunar eclipse is visible over the 
entire hemisphere of the earth facing the moon. Anyone who can see the moon can 
see the eclipse. 

During any one year there may be as many as five eclipses --f the sun, and always 
there are at least two. There may be as many as three eclipses of ihe moon, or none. 
The total number of eclipses during a single year does not exceed seven, and can be as 
few as two. There are more solar than lunar eclipses, but the latter are mere numerous 
at any one place because of the restricted areas over which solar eciipses are visible. 
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The two points of intersection of the moon’s orbit and the ecliptic are called nodes, 
and the line connecting them, the line of nodes. Eclipses occur when the sun, earth, 
and moon are nearly on this line, twice each eclipse year of 346.6 days. This is less than 
a calendar year because of regression of the nodes (art. 1423). In a little more than 
18 years the line of nodes returns to approximately the same position with respect to 
the sun, earth, and moon. During an almost equal period, called the saros, a cycle 
of eclipses occurs. During the following saros the cycle is repeated with only minor 
differences. 

Eclipses have considerable value in establishing additional facts about the sun 
and moon, and in determining distances between two widely separated points on the 
earth, at which accurate timing of the eclipse is made. 


Coordinates 


1425. Latitude and longitude are coordinates used for locating positions on the 
earth. Several types, differing slightly from each other, are defined. Three of these 
are discussed here. 

Astronomic latitude is the angle (ABQ, fig. 1425) between a line in the direction 
of gravity (AB) at a station and the plane of the equator (QQ’). Astronomic longitude 
is the angle between the plane of the celestial meridian at a station and the plane of the 
celestial meridian at Greenwich. These coordinates are customarily found by means of 
celestiai observations. If the earth were perfectly homogeneous end level, these positions 
would be consistent and satisfactory. However, because of deflection of the vertical 
(app. X) due to uneven distribution of the mass of the earth, lines of equal astronomic 
latitude and longitude are not circles, although the irregularities are small. In the 
United States the prime-vertical component (affecting longitude) may be a little 
more than 18’, and the meridional component (affecting latitude) as much as 25”. 

Geodetic latitude is the angle (ACQ, fig. 1425) between a normal to the spheroid 
(AC) at a station and the plane of the geodetic equator (QQ’). Geodetic longi:ude is the 
angle between the plane defined by the normal to the spheroid and the axis of the earth, 
and the plane of the geodetic meridian at Greenwich. These values are obtained when 
astronomical latitude and longitude are corrected for deflection of the vertical. These 
coordinates are the ones used for charting, and are frequently referred to as geographic 
latitude and geographic longitude, although these expressions are sometimes used to refer 
to astronomical latitude and longitude. 

Geocentric latitude is the angle (ADQ, fig. 1425) at the center of the ellipsoid 
between the plane of its equator (QQ’) and a straight line (AD) to a point on the surface 
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South Pole 
Figure 1425.—Three kinds of latitude at point A. 
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of the earth. This differs from geodetic latitude because the earth is a spheroid, rather 
than a sphere, and the meridians are ellipses. Since the parallels of latitude are considered 
to be circles, geodetic longitude is geocentric, and a separate expression is not used. The 
difference between geocentric and geodetic latitudes is a maximum of about 11/6 at 
latitude 45°. 

Because of the oblate shape of the ellipsoid, the length of a degree of geodetic 
latitude is not everywhere the same, increasing from about 59.7 nautical miles at the 
equator to about 60.3 nautical miles at the poles, as shown by table 6. The value of 60 
nautical miles customarily used everywhere by the navigator is correct at about latitude 
45°. 

Measurement on the Celestial Sphere 


1426. Elements of the celestial sphere.—The celestial sphere (art. 1403) is an 
imaginary sphere of infinite radius with the earth at its center (fig. 1426a). The north 
and south celestial poles of this sphere are located by extension of the earth’s axis. 
The celestial equator (sometimes called equinoctial) is formed by projecting the plane 
of the earth’s equator to the celestial sphere. A celestial meridian is formed by the 
intersection of the plane of a terrestrial meridian, extended, and the celestial sphere. 
It is the arc of a great circle through the poles of the celestial sphere. 

The point on the celestial sphere vertically overhead of an observer is the zenith 
and the point on the opposite side of the sphere, vertically below him, is the nadir. 
The zenith and nadir are the extremities of a diameter of the celestial sphere through 
the observer and the common center of the earth and the celestial sphere. The arc of a 
celestial meridian between the poies is called the upper branch if it contains the zenith 
and the lower branch if it contains the nadir. The upper branch is frequently used in 
navigation and references to a celestial meridian are understood to mean only its upper 
branch unless otherwise stated. Celestial meridians take the names, as 65° wes:.. of 
their terrestrial counterparts. 

An honr circle is a great circle through the celestial poles and a point or body on the 
celestial sphere. It is similar to a celestial meridian, but moves with the celestial sph -re 
as it rotates about the earth, while a celestial meridian remains fixed with respect to the 
earth. 

The location of a body along its hour circle is defined by the body’s angular dis- 
tance from the celestial equator. This distance, called declination, is measured north 
or south of the celestial equator in degrees, from 0° through 90°, similar to latitude 
on the earth. 

A cirele parallel to the celestial equator is called a parallel of declination, since it 
connects all points of equal declination. It is similar to a parellel of latitude on the 
earth. The path of a celestial body during its daily apparent revolution around the 
earth is called its diurnal circle. It is not actually a circle if a body changes its declina- 
tion. Since the declination of all navigational! bodies is continually changing, the bodies 
are describing flat, spherical spirals as they circle the earth. However, since the change 
is relatively slow, a diurnal circle and a parallel of declination are usually considered 
identical. 

A point on the celestial sphere may be identified at the intersection of its parallel 
of declination and its hour circle. The parallel of declination is identified by the 
declination. 

Two basic methods of locating the hour circle are in use. Its angular distance 
west of a reference hour circle through © point on the celestial sphere called the vernal 
equinox or first point of Aries is called sidereal hour angle (SHA) (fig. 1426b). This 
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Figure 1426a.—Elements of the celestial sphere. The celestial equator is the primary great circle. 


angle measured eastward from the vernal equinox is called right ascension, and is 
usually expressed in time units. 

The second method of lecating the hour circle is to indicate its angular distance 
west of a celestial meridian (fig. 1426c). If the Greenwich celestial meridian is used 
as the reference, the angular distance is called Greenwich hour angle (GHA), and 
if the meridian of the observer, it is called local hour angle (LHA). Ii is sometimes more 
convenient to measure hour angle either eastward or westward, as longitude is measured 
on the earth, in which case it is celled meridian angle (t). These cocrdinates are dis- 
cussed further in article 1428. 

A point on the celestial sphere may also be located by means of altitude and 
azimuth, coordinates based upon the horizon as the primary great circle, instead of the 
celestial equator. This system is discussed in article 1430. 

Two additional systems used by astronomers are based upon the ecliptic (art. 
1419) and the galactic equator (the approximate mid great circle of the galaxy). The 
coordinates of the ecliptic system are celestial latitude and celestial longitude and those 
of the galactic system are galactic latitude and galactic longitude. 

1427. Coordinate systems.—Various systems of coordinates on the celestial sphere, 
all of them similar to the familiar latitude and longitude on the earth, were discussed 
briefly in article 1426. Of these, the navigator is rarely concerned with any but the 
celestial equator system end tke horizon system. The former is but an extension to the 
celestial sphere of the geographical system of the earth. The latter is a similar system 
in which the horizon replaces the celestial equator as the primary great circle, and the 
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Figur: 1426b.—A point on the celestial sphere oo be located by its declination and sidereal hour 
angle. 


zenith and nau ez the poles. These two systems are the almost constant companions 
of the celestial .. vigator. 

1428. The celestial equator system of coordinates.—If the familiar graticule of 
latitude and longitude lines is expanded until it reaches the celestial snhere of infinite 
radius, it forms the basis of the celestial equator svstem of coordinates, as explained in = 
article 1426. On the celestial sphere the familiar latitude becomes declination (Dec. or d), 
and longitude, measured always teward the west, through 360°, becomes sidereal hour - 
angle (SHA) if measured from the vernal equinox. 

Declination (Dec. or d) is angular distance north or south of the celestial equator 
(d in fig. 1428). It is measured along an hour circle, from 0° at the celestial equator _ 
through 90° at the celestial poles, and is labeled N or S to indicate the direction of # 
measurement. All points having the same declination lie along a parallel of declination. “ 

Polar distance (p) is angular distance from a celestial pole, or the arc of an hour . 
circle between the celestial pole and a point on the celestial sphere. It is measured along 
an hour circle and may vary from 0° to 180°, since either pole may be used as the origin 
of measurement. It is usually considered the complement of declination, though it may 
be either 90°—d or 90’+-d, depending upon the pole used. 

Local hour angle (LHA) is angular distance west of the local celestial meridian, or | 
the arc of the celestial equator between the upper branch of the local celestial meridian 
and the hour circle through a point on the celestial sphere, measured westward from the 
local celestial meridian, through 360°. It is also the similar are of the parallel of declina- 

tion and the angle at the celestial pole, similarly measured. If the Greenwich (0°) 
meridian is used as the reference, instead of the local meridian, the expression Green- 
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Ficure 1426c.—A point on the celestial sphere can be located by its declination and hour angle. 


’ wich hour angle (GHA) is applied. It is sometimes convenient to measure the arc or 
angle in either an exsterly or westerly direction from the local meridian, through 180°, 
when it is called meridian angle (t) and labeled E or W to indicate the direction of 
measurement. All bodies or other points having the same hour angle lie along the 
ssme hour circle. 

Because of the apparent daily rotation of the celestial sphere, hour angle con- 
tinually increases, but meridian angle increases from 0° at the celestial meridian 
to i80°W, which is also 180°E, and then decreases to 0° again. The rate of change 
for the mean sun (art. 1421) is 15° per hour. “he rate of all other bodies except the 
moon is within 3’ of this value. The average rate of the moon is about 14°55. 

As the celestial sphere rotates, each body crosses each branch of the celestial 
meridian approximately once a day. This cressing is called meridian transit (sometimes 
called culmination). It may be called upper transit to indicate crossing of the upper 
branch of the celestial meridian, and lower transit to indicate crossing of the lower 
, branch. 

The time diagram shown in figure 142Sb illustrates the relationship between the 
various hour angles and meridian angle. The circle is the celestial equator as seen from 
above the South Pole, with the upper branch of the observer’s meridian (P,.\/) at the 
top. The radius P,G is the Greenwich meridian, P,T the hour circle of the vernal 
equinox, and 2,S and P,S’ the hour circies of celestial bodies to the west and east, 
respectively. of the observer's celestial meridian. Note that when LHA is less than 180°, 
t is numerically the same and is labeled W, but that when LH is greater than 180°, 
t=360°—LHA and is labeled E. In figure 142Sb arc GAf is the longitude, which in 
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Fiacre 1428a.—The celestial eguator system of coordinates, showing measu:. ment of declination, 
poler distance, and jocal hour angle. 
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Fictre 1428b—Time diagram. Local hour angle, Greenwich hour angle, and sidereal hour angle are 
measured westward through 360°. Meridian angle is measured eastward or westward through 
180° and Iabeled E or W to indicate the direction of measurement. 




































































































































































































































NAVIGATIONAL ASTRONOMY 


this case is west. The relationships shown apply equally to other arrangements of radii, 
- except for relative magnitudes of the quantities involved. 

1429, The horizons.—The second set of celestial coordinates with which the 
= navigator is directly concerned is based upon the horizon as the primary great circle. 
- However. since several different horizons are defined, these should be thoroughly 
* understood before procecding with a consideration of the horizon system of coordinates. 
The line where earth and sky appear to meet is called the visible or apparent 
- horizon. On land this is usually an irregular line unless the terrain is level. At sea the 
visible horizon appears very regular and often very sharp. However, its position rela- 
' tive to the celestial sphere depends primarily upon (1) the refractive index of the air, 
and (2) the height of the observer’s eye above the surface. 

Figure 1429 shows a cross section of the earth and celestial sphere through the 
position of an observer at A above the surface of the earth. A straight line through A 
and the center of the earth O is the vertical of the observer, and contains his zenith 
(Z) and nadir (Na). A plane perpendicular to the true vertical is a horizontal plane, 
and its intersection with the celestial sphere is a horizon. It is the celestial horizon if 
the plane passes through the center of the earth, the geoidal horizon if it is tangent to 
the earth, and the sensible horizon if it passes through the eye of the observer at A. 
Since the radius of the earth is considered negligible with respect to that of the celestial 
sphere, these horizons become superimposed, and most measurements are referred 
only to the celestial horizon. This is sometimes called the rational horizon from the 
latin word “ratio,” reckoning. 

If the eye of the observer is ut the surface of the earth, his visible horizon coincides 
with the plane of the geoidal h~-‘zon; but when elevated above the surface, as at A, 
his eye becomes the vertex of a cone which, neglecting refraction, is tangent to the 
earth at the small circle BB, and which intersects the celestial sphere in B’B’, the 


geometrical horizon. This expression is sometimes—but less appropriately—applied to 
the celestial horizon. 

Because of refraction (art. 1605), the visible horizon C’C’ appears above but is 
actually slightly below the geometrical horizon as shown in figure 1429. 


/_ Sensible Horizon _ 


~Geoidal 4 2 Hornzon 


Freure 1429.—The horizons used in navigation. 
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378 NAVIGATIONAL ASTRONOMY 


For any elevation above the surface, the celestial horizon is usually above the 
geometrical and visible horizons, the difference increasing as elevation increases. It is 
thus possible to observe a body which is above the visible horizon but below the.celestial 
horizon. That is, the body’s altitude is negative and its zenith distance is greater than 
90° (art. 1430). 

1430. The horizon system of coordinates is based upon the celestial horizon as 


the primary great circle, and a series of secondary vertical circles, which are great ‘ 


circles through the zenith and nadir of the observer and hence perpendicular to his 
horizon (fig. 1430a). Thus, the celestial horizon is similar to the equator, and the vertical 
circles are similar to meridians, but with one important difference. The celestial horizon 
and vertical circles are dependent upon the position of the observer and hence move with 
him as he changes position, while the primary and secondary great circles of both the 
geographical and celestial equator systems are independent of the observer. The 
horizon and celestial equator systems coincide for an observer at the geographical pole 
of the earth, and are mutually perpendicular for an observer o: .e equator. At all 
other places the two are oblique. 

The vertical circle through the north and south peints of the horizon passes through 
the poles of the celestial cquatur system of coordinates. One of these poles (having the 
same name as the latitude) is above the horizon and is called the elevated pole. The 
other, called the depressed pole, is below the horizon. Since this vertical circle-is a 
great circle through the celestial poles, and includes the zenith of the observer, it is 
also a celestial meridan. In the horizon system it is called the principal vertical circle. 
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NAVIGATIONAL ASTRONOMY 


The vertical circle through the east and west points of the horizon, and hence perpen- 
dicular to the principal vertical circle, is called the prime vertical circle, or simply the 


prime vertical. 


As shown in figure 1430b, altitude is angular distance above the horizon. It is meas- 
ured along a vertical circle, from 0° at the horizon through 90° at the zenith. Altitude 
measured froin the visible horizon may exceed 90° because of the dip of the horizon, as 
shown in figure 1429. Angular distance below the horizon, called negative altitude, is 
provided for by including certain negative altitudes in some tables for use in celestial 
navigation, such as Pub. No. 249. All peints having the same altitude lie along a parallel 


of altitude or almucantar. 


Zenith distance (z) is angular distance from the zenith, or the arc of a vertical circle 
between the zenith and a point on the celestial sphere. It is measured along a vertival 
circle from 0° through 180°. It is usually considered the complement of altitude. For 
a body above the celestial horizon it is equal to 90°—h and for a body below the celestial 
horizon it is equal to 90°—(—h) or 90°-++h; or 90°-++a negative altitude. 

The horizontal direction of a point on the celestial sphere, or the bearing of the geo- 
graphical position is called azimuth or azimuth angle depending upon the method of 
measurement. In both methods it is an arc of the horizon (or parallel of altitude) or 
an angle at the zenith. It is azimuth (Zn) if measured clockwise through 360°, starting 
at the north pcint on the horizon; and azimuth angle (Z) if measured either clockwise or 
counterclockwise through 180°, starting at the north point of the horizon in north 


latitude and the south point of the horizon in south latitude. 
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Figure 1430b.—The horizon system of coordinates, showing measurement of altitude, zenith distance, 


azimuth, and azimuth angle. 
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380 NAVIGATIONAL ASTRONOMY 


The ecliptic system is based upon the ecliptic as the primary great circle, analogous 
to the equator. The points 90° from the ecliptic are the north and south ecliptic poles. 
The series of great circles through these poles, analogous to meridians, are circles of 
latitude. The circles psrallel to the plane of the ecliptic, analogous to parallels on the 
earth, are parallels of latitude or circles of longitude. Angular distance north o> south 
of the ecliptic, analogous to latitude, is celestial latitude. Celestial longitude is measured 
eastward along the ecliptic through 360°, starting at the vernal equinox. This system 
of coordinates is of interest chiefly to astronomers. Another system of interest primarily 
to astronomers is known as the galactic system. 

1431. Summary of coordinate systems.—The four systems of celestial coordinates 
are analogous to each other and to the terrestrial system, although each has distinctions 
such as differences in directions, units, and limits of measurement. The following 
table indicates the analogous term or terms under each system. For differences, see 
the description of each system, given earlier in the chapter, or appendix E. 



















Earth Celestial Equator | Horizon Ecliptic | 
equator celestial equator horizon ecliptic 
poles celestial poles zenith, nadir ecliptic poles 
meridians hour circles, celestial vertical circles circles of latitude | 


meridians 

























prime meridian hour circle , Green- | principal vertical circle of latitude 
wich celestial me- circle, prime vertical through Tf 
ridian, local celestial circle 
meridian 
parallels parallels of declination | parallels of altitude parallels of latitude 
latitude declination altitude celestial latitude 
colatitude polar distance zenith distance celestial colatitude 
longitude SHA, RA, GHA, azimuth, azimuth celestial longitude 


LHA, t 


angle, amplitude | 





1432. Diagram on the plane of the celestial meridian—From a point outside the 
celestial sphere (if this were possible) and over the celestial equator, at such a distance 
that the view would be orthographic, the great circle appearing as the outer limit would 
be a celestial meridian. Other celestial meridians would appear as ellipses. The celestial 
equator would appear as a diameter 90° from the poles, and parallels of declination as 
straight lines parallel to the equator. The view would be similar to the orthographic 
view of the earth, as shown in figure 319b. 

A number of useful relationships can be demonstrated by drawing a diagram on 
the plane of the celestial meridian showing this orthographic view. Arcs of circles can 
be substituted for the ellipses without destroying the basic relationships. Refer to 
figure 1432a. In the lower diagram the circle represents the celestial meridian, QQ’ the 
celestial equator, Pa and Ps the north and south celestial poles, respectively. If a star 
has a declination of 30° N, an angle of 30° can be measured from the celestial equator, as 
shown. It could be measured either to the right or left, and would have been toward 
the south pole if the declination had been south. The parallel of declination is a line 
through this point and parallel to the celestial equator. The star is somewhere on this 
line (actually a circle viewed on edge). 
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Figure 1432a.—Mceasurement of celestial 
equator system of coordinates. 


Ficure 1432b.—Measurement of horizon 
system of coordinates. 


To locate the hour circle, draw the upper diagram so that Pn is directly above 
Pr. of the lower figure (in line with the polar axis Pn Ps), and the circle is of the same di- 
ameter as that of the lower figure. This is the plan view, looking down on the celestial 
sphere from the top. The circle is the celestial equator. Since the view is from above 
the north celestial pole, west is clockwise. The diameter QQ’ is the celestial meridian 
shown as a circle in the lower diagram. If the right half is considered the upper branch, 
local hour angle is measured clockwise from this line to the hour circle, as shown. In 
this case the LHA is 80°. The intersection of the hour circle and celestial equator, 
point A, can be projected down to the lower diagram (point A’) by a straight line parallel 
to the polar axis. The elliptical hour circle can be represented approximately by an 
are of a circle through A’, Pn, Ps. The center of this circle is somewhere along the 
celestial equator line QQ’, extended if necessary. It is usually found by trial and error. 
‘Tne intersection of the hour circle and parallel of declination locates the star. 
Since the upper diagram serves only to locate point A’ in the lower diagram, the 
two can be combined. That is, the LHA are can be drawn in the lower diagram, as 


shown, and point A projected upward to A’. In practice, the upper diagram is nut 
drawn. being shown here for illustrative purposes only. 
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382 NAVIGATIONAL ASTRONOMY 


In this example the star is on that half of the sphere toward the observer, or the 
western part. If LHA had been greater than 180°, the body would have been on the | 
eastern or “back” side. 

From the east or west point over the celestial horizon, the orthographic view of the | 
horizon system of coordinates would be similar to that of the celestial equator system | 
from 9, point over the celestial equator (fig. 1432a), since the celestial meridian is also’ 
the principal vertical circle. The horizon would appear as a diameter, parallels of 
altitude as straight lines parallel to the horizon, the zenith and nadir as poles 90° from 
the horizon, and vertical circles as ellipses through the zenith and nadir, except for the 
principal vertical circle, which would appear as a circle, and the prime vertical, which 
would appear as a diameter perpendicular to the horizon. 

A celestial body can be located by altitude and azimuth in 8 manner similar to 
that used with the celestial equator system. If the altitude is 25°, this angle is meas- 
ured from the horizon toward the zenith and the parallel of altitude is drawn as a 
straight line parallel to the horizon, as shown at hh’ in the lower diagram of figure 
1432b. The plan view from above the zenith is shown in the upper diagram. Jf north 
is taken at the left, as shown, azimuths are measured clockwise from this point. In the 
figure the azimuth is 290° and the azimuth angle is N70°W. The vertical circle is located 
by measuring either arc. Point A thus located can be projected vertically downward to| 
A’ on the horizon of the lower diagram, and the vertical circle represented approximately 
by the arc of a circle through A’ and the zenith and nadir. The center of this circle 
is on NS, extended if necessary. The body is at the intersection of the parallel of altitude} 
and the vertical circle. Since the upper diagram serves only to locate -4’ on the eal 
diagram, the two can be combined, point A located on the lower diagram and = 


me ana enna RAMANA 


upward to A’, as shown. Since the body of the example has an azimuth greater than 
180°, it is on the western or “front” side of the diagram. 

Since the celestial meridian appears the same in both the celestial equator and 
horizon systems, the two diagrams can be combined and, if properly oriented, a body 
can be located by one set of coordinates, and the coordinates of the other system 
can be determined by measurement. 

Refer to figure 1432c, in which the black lines represent the celestial equator 
system, and the red lines the horizon system. By convention, the zenith is shown at 
the top and the north point of the horizon at the left. The west point on the horizon | 
is at the center, and the east point directly behind it. In the figure the latitude! ~ 
is 37°N. Therefore, the zenith is 37° north of the celestial equator. Since the zenith 
is established at the top of the diagram, the equator can be found by measuring an 
arc of 37° toward the south, along the celestial meridian. If the declination is 30°N “and 
the LHA is 80°, the body can be located as shown by the black lines, and described 
above. 


The altitude and azimuth can be determined by the reverse process to that de-‘ nt ee 


scribed above. Draw a line hh’ through the body and parallel to the horizon, NS. 

The altitude, 25°, is found by measurement, as shown. Draw the arc of a circle through ° 

the body and the zenith and nadir. From A’, the intersection of this are with the 
horizon, draw a vertical line intersecting the circle at A. The azimuth, N70°W, is - = 
found by measurement, as shown. The prefix N is applied to agree with the latitude. 

The body is left (north) of ZNa, the prime vertical circle. The suffix W applies because | 7 
the LHA, 80°. shows that the body i is west of the meridian. 


If altitude and azimuth are given, the body is located by means of the red lines. | ee re 


The parallel of declination is then drawn parallel to QQ’, the celestial equator, and the 
declination determined by measurement. Point L’ is located by drawing the arc of a ~ 
circle through Pn the star, and Ps. From L’ a line is drawn perpendicular to QQ’, © 
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'GURE 1432c.—Diagram on the plane of the celestial meridian. 


locating L. The meridian angle is then found by measurement. The declination is 


. known to be north because the body is between the celestial equator and the north 
‘celestial pole. The meridian angle is west to agree with the azimuth, and hence LHA 
‘is numerically the same. 


Since QQ’ and PnPs are perpendicular, and ZNa and NS are also perpendicular, 
arc NPn is equal to arc ZQ. That is, the altitude of the elevated pole is equal to the declina- 
tion of the zenith, which is equal to the latitude. This relationship is the basis of the method 
of determining latitude by an observation of Polaris (art. 2105). 

The diagram on the plane of the celestial meridian is useful in approximating a 
number of relationships. Consider figure 1432d. The latitude of the observer (NPn. 
or ZQ) is 45°N. The declination of the sun (Q4) is 20°N. Neglecting the change in 
declination for one day, note the following: At sunrise, position 1, the sun is on the 
horizon (NS), at the “back” of the diagram. I‘s altitude, h, is 0°. Its azimuth angle, 
Z, is the arc NA, N63°E. This is prefixed N to agree with the latitude and suffixed 
E to agree with the meridian angle of the sun at sunrise. Hence, Zn=0°+63°=063°. 
The amplitude, A, is the arc ZA, E27°N. The meridian angle, t, is the arc QL, 110°E. 
The suffix E is applied because the sun is east of the meridian at rising. The LHA is 
360°—~110°=250°. 

As the sun moves upward along its parallel of declination, its altitude increases. 
It reaches position 2 at about 0600, when t=90°E. At position 3 it is on the prime 
vertical, ZNa. Its azimuth angle, Z, is N90°E, and Zn=090°. The altitude js NA’ or 


Sh, 27°. 


Moving on up its parallel of declination, it arrives at position 4 on the celestial 
meridian about noon—when t and LHA are both 0°, by definition. On the celestial 
meridian a body’s azimuth is 000° or 180°. In this case it is 180° because the body 
is south of the zenith. The maximum altitude occurs at meridian transit, in this case 
the are S4, 65°. The zenith distance, z, is the arc Z4, 25°. A body is not in the zenith 
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Fieure 1432d.——A diagram on the plane of the celestial 
meridian for lat. 45° N. 


at meridian transit unless its declination is numerically, and by name, the same as the 
latitude. 


Continuing on, the sun moves downward along the “front’’ or western side of the 


diagram. At position 3 it is again on the prime vertical. The altitude is the same as when §. 


previously on the prime vertical, and the azimuth angle is numerically the same, 
but now measured toward the west. The azimuth is 270°. The sun reaches position 
2 six hours after meridian transit, and sets at position 1, when the azimuth angle is 
numerically the same as at sunrise, but westerly, and Zn=360°—63°=297°. The 
amplitude is W27°N. 

After sunset the sun continues on downward along its parallel of declination until 
it reaches position 5, on the lower branch of the celestial meridian, about midnight. | 
I. negative altitude, arc N5, is now greatest, 25°, and its azimuth is 000°. At this 
point it starts back up along the “back” of the diagram, arriving at position 1 at the 
next sunrise, to start another cycle. i 

Half the cycle is from the crossing of the 9C° hour circle (the PnPs line, position | 





2) to the upper branch of the celestial meridian (position 4) and back to the PnPs - 
line (position 2). When the declination and latitude have the same name (both north "y 


or both south), more than half the parallel of declination (position 1 to 4 to 1) is above | 
the horizon, and the body is above the horizon rnore than half the time, crossing the | 
90° hour circle above the horizon. It rises and sets on the same side of the prime vertical ! 
as the elevated pole. If the declination is of the same name but numerically smaller : 
than the latitude, the body crosses the prime vertical above the horizon. If the declina- 
tion and latitude have the same name and are numerically equal. the body is in the . 
zenith at upper transit. If the declination is of the same name but. numerically greater | 
than the latitude, the body crosses the upper branch of the celestial meridian between 
the zenith and elevated pole, and does not cross the prime vertical. If the declination 


is of the same name as the latitude and complementary to it (d+L=90°), the body is {* ~ 


on the horizon at lower transit, and does not set. If the declination is cf the same name 
as the latitude and numerically greater than the colatitude, the body is above the horizon 
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NAVIGATIONAL ASTRONOMY 385 


during its entire daily cycle, and has maximum and minimum altitudes, as shown by 
the black dotted line in figure 1432d. 

If the declination is 0° at any latitude, the body is above the horizon half the time, 
following the celestial equator QQ’, and rising and setting on the prime vertical. If the 
declination is of contrary name (one north and the other south), the body is above the 
horizon less than half the time, and crosses the 90° hour circle below the horizon. It 
rises and sets on the opposite side of the prime vertical from the elevated pole. If the 
declination is of contrary name and numerically smaller than the latitude, the body 
crosses the prime vertical below the horizon. This is the situation with the sun in 
winter, when days are short. If the declination is of contrary name and numerically 
equal to the latitude, the body is in the nadir at lower transit. If the declination is of 
contrary name and complementary to the latitude, the bedy is on the horizon at upper 
transit. If the declination is of contrary name and numerically greater than the co- 
latitude, the body does not rise. 

All of these relationships, and those that follow, can be derived by means of a 
diagram on the plane of the celestial meridian. They are modified slightly by atmos- 
pheric refraction, height of eye, semidiameter, parallax, changes in declination, and 
apparent speed of the body along its diurnal circle. 

It is customary to keep the same orientation in south latitude, as shown in figure 
1482e. In this illustration the latitude is 45°S, and the declination of the body is 15°N. 


Since Ps is the elevated pole, it is shown above the southern horizon, with both SPs 


and ZQ equal to the latitude, 45°. The body rises at position 1, on the opposite side 
of the prime vertical from the elevated pole; moves upward along its parallel of dec- 
lination to position 2, on the upper branch of the celestial meridian, bearing north; 
and then downward along the “front”? of the diagram to position 1, where it sets; 
remaining above the horizon for less than half the time because declination and latitude 
are of contrary name. The azimuth at rising is arc NA, the amplitude ZA, and the 
azimuth angle SA. The altitude circle at meridian transit is shown at Ah’. 

A diagram on the plane of the celestial meridian can be used to demonstrate the 
effect of a change in latitude. As the latitude increases, the celestial equator becomes 
more nearly parallel to the horizon. The colatitude becomes smaller, increasing the 
number of circumpolar bodies and those which neither rise nor set, and also increasing 
the difference in the leng.h of the days between summer and winter. At the poles (fig. 
1416b), celestial bodies circle the sky, parallel to the horizon. At the equator (fig. 1416a) 
the 90° hour circle coincides with the horizon. Bodies rise and set. vertically; and are 
above the horizon half the time. At rising and setting the amplitude is equal to the 
declination. At meridian transit the altitude is equal to the codeclination. As the latitude 
changes name, the same-contrary name relationship with declination reverses. This 
accounts for the fact that one hemisphere has winter while the other is having summer. 

The error arising from showing the hour circles and vertical circles as ares of 
circles instead of ellipses increases with increased declination or altitude. More accurate 
results can be obtained by measurement of azimuth on the parallel of altitude instead 
of the horizon, and of hour angle on the parallel of declination inste 1 of the celestial 
equator. Refer to figure 1432f. The vertical circle shown is for a be 7 having an azi- 
muth angle of S60°W. The arc of a circle is shown in black, and the ellipse in red. The 
black arc is obtained by measurement around the horizon, locating A’ by means of A, 
as previously described. The intersection of this arc with the altitude circle at 60° places 
the body at AZ. If a semicircle is drawn with the altitude circle as a diameter, and the 
azimuth angle measured eround this, to B, a perpendicular to the hour circle locates 
the body at AZ’, on the ellipse. By this method the altitude circle, rather than the hori- 
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Figure 1432e.—A diagram on the plane of the celestial : 
meridian for lat. 45° S. ; 





Figvre 1432f.—Locating « point on an ellipse of a diagram 
on the plane of the celestial meridian. 







































































































































































































































































NAVIGATIONAL ASTRONOMY 


zon, is, in effect, rotated through 90° for the measurement. This refinement is seldom 
used because actual values are usually found mathematically, the diagram on the plane 
’ of the meridian being used primarily to indicate relationships. 

With experience, one may mentally visualize the diagram on the plane of the 

celestial meridian without making an actual drawing. Devices with two sets of spherical 

- coordinates, on either the orthographic (art. 319) or stereographic (art. 318) projection. 
pivoted at the center, have been produced commercially to provide a mechanical dis- 
gram on the plane of the celestial meridian. However, since the diagram’s principal use 
is to illustrate certain relationships, such a device is not a necessary part of the naviga- 
tor’s equipment. 

1433. The navigational triangle.—A triangle formed by arcs of great circles of a 
sphere is called a spherical triangle. A spherical triangle on the celestial sphere is called a 
celestial triangle. The spherical triangle of particular significance to navigators is called 
the navigational triangle. It is formed by arcs of a celestiai meridian, an hour circle, and 
a vertical circle. Its vertices are the elevated pole, the zenith, and a point on the celestial 
sphere (usually a celestial body). The terrestrial counterpari is also called a naviga~ 
tional triangle, being formed by arcs of two meridians and the great circle connecting 
two places on the earth, one on eacl. meridian. The vertices are the two places and a 
pole. In great-circle sailing these places are the point of departure and the destina- 
tion. In celestial navigation they are the assumed position (AP) of the observer and 
the geographical position (GP) of the body (the place having the body in its zenith). 

; The GP of the sun is soinetimes called the subsolar point, that of the moon the sub- 
‘lunar point, that of a satellite (either natural or artificial) the subsatellite point, and 
that of a star its substellar or subastral point. When used to solve a celestial obser- 
vation, either the celestial or terrestrial triangle may be called the astronomical triangle. 

The navigational triangle is shown in figure 1433a on a diagram on the plane of 
the celestial meridian, labeled as in article 1482, but with the hour circle and vertical 
circle properly shown as ellipses. The earth is at the center, 0. The star is at 44, dd’ is 
its parallel of declination, and hh’ its altitude circle. 

In the figure, arc QZ of the celestial meridian is the latitude of the observer, and 
PnZ, one side of the triangle, is the colatitude. Arc ANZ of the vertical circle is the 
altitude of the body, and side ZAZ of the triangle is the zenith distance, or coaltitude. 
Arc LM of the hour circle is the declination of the body, and side PnM of the triangle 
is the polar distance, or codeclination. 

The angle at the elevated pole, ZPni!M, having the hour circle and the celestial 
meridian as sides, is the meridian angle, t. The angle at the zenith, PnZM, having 
the vertical circle and that arc of the celestial meridian which includes the elevated 
pole as sides, is the azimuth angle. The angle at the celestial body, Z\2Pn, having 
the hour circle and the vertical circle as sides, is the parallactic angle (X) (sometimes 
called the position angle), which is not generally used by the navigator. 

A number of problems involving the navigational triangle are encountered by the 
navigator, either directly or indirectly. Of these, the most common are: 

i. Given latitude, declination, and meridian angle, to find altitude and azimuth 
angle. This is used in the reduction of a celestial observation, to establish a line of 

~ position (ch. XX). 

2. Given latitude, altitude, and azimuth angle, to find declination and meridian 
angle. This is used to identify an unknown celestial body (ch. XXII). 

3. Given meridian angle, declination, and altitude, to find azimuth angle. This 
may be used to find azimuth when the altitude is known (ch. XX). 

4, Given the latitude of two places on the earth and the difference of longitude 
between them, to find the initial great-circle course and the great-circle distance (ch. 
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Figure 1433a.—The navigational triangle. 


“@ IX). This involves the same parts of the triangle as in 1, above, but in the terrestrial 
triangle, and hence defined differently. 
Both celestial and terrestrial navigational triangles are shown in perspective in 
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figure 1433b. ae 
Problems : 
1428. Given —An observer is at longitude 77°E. The sun is 60° east of the meridian.} =~ 
GHA Tf is 37°. é 
Required.—(1) LHA of the sun. - 





(2) GHA of the sun. | 
(3) SHA of the sun. i 
(4) Approximate time at the local meridian. 

Answers.—(1) LHA 300°, (2) 223°, (3) SHA 186°, (4) T 0800. 

1430a. Required.—Convert Z to Zn in the following: 


E (1) N174°E (4) S39°E és 
a (2) S1°E (5) N106°W Sies 
aa (3) S90°W (6) Noo°W ; 
Answers.—(1) Zn 174°, (2) Zn 179°, (3) Zn 270°, (4) Zn 141°, (5) Zn 254°, (6) Zn 

4 270°. 

Ee 1430b. Required—Convert Zn to Zin the following, using the 180° system: 

Zn Lat. Zn Lat. a 
3 aa (1) 214° N (4) 333° S ; : 
(2) 163° Ss <5) 206° N = 

[= - (3) 007° N (6) 206° S i ss 
Answers.—(1) Z N146°W, (2) Z S17°E, (3) Z N7°E, (4) Z $153°W, (5) Z| ee 
Ee 2 N154°W, (6) Z S26°W. 

= 1430c. Required—Convert Zn to Z in the following, using the 90° system: le. 

a (1) 051° (3) 251° pe 
E (2) 151° (4) 351° I 
Bh. bo 
ey 
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Figure 1433p.—The navigational triangle in perspective. 





Answers.—(1) ZN51°E, (2} ZS29°E, (3) ZS71°W, (4) Z NO°W. 
Solve the following problems by diagrams on the plane of the celestial meridian: 
1432a. Given. —L 32°N, t 71°W, d 27°N. i 
Required. —Altitude and azimuth. | 
Answers.—h 28°, Zn 288°. ' 
1432b. Giren.—L 17°S, t G4°E, d 28°S. 
Required.—Altitude and azimuth. 
Answers.—h 28°, Zn 115°. 
1432c. Giren.—L 59°N, h 27°, Zn 052°. 
Required— Declination and meridian angle. 
inswers.—d 41°N, t 111°E. 
1432d. Giren.—L 31°N, declination of sun 18°S, é 
Required —(1) Azinuith at sunrise, (2) maximum altitude, (3) altitude when the 

azimuth is 234°, (4) azimuth angle when the altitude in the afternoon is 10°, (5) 

amplitude at sunset. ~ 
Answers.—(1) Zn 111°, (2) h 41°, (3) h 18°, (4) Z N118°W, (5) A W21°S. 
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390 NAVIGATIONAL ASTRONOMY 


143Ze. Given.—The decination of the star Dubhe is approximately 62°N. When 
observed at lower transit, its altitude is 43°. 

Required.—(1} Latitude of the observer, (2) azimuth at upper iransit. 

Answers.—(1) L.71°N, -(2) Zn 180°. 

1432f. Required.—For an observer at latitude 39°N, find for the sun at summer and 
winter solstices, respectively: (1) T “IA at sunrise, (2) LHA when on the prime verti 
during the morning, (3) maximum altitude, (4) LHA at sunset, (5) length of daylight! 
ifthe sun moves 15° per hour. 

Answers.— 


| 

| 

Summer Winter i 

(i) LHA 248° 292° 

(2) LHA 304° 236° (below horizon) i 

(3) h 74° 28° 

(4) LHA 112° 68° 
(5) T 14°56" 9°04" 


1432g. Gicen—L 83°N, sun’s declination 4°S. , 

Required—(1) LHA at sunrise, (2) maximum altitude, (3) LHA at sunset, 2 
length of daylight (sun moving 15° per hour). 

Answers —(1) LHA 308°, (2) max h 3°, (3) LHA 55°, (4) T 7°20". 
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CHAPTER XV 
INSTRUMENTS FOR CELESTIAL NAVIGATION 


1501. The marine sextant is a hand-held instrument for measuring the angle 
between the lines of sight to two points by bringing into coincidence at the eye of the 
observer the direct ray from one point, and a double-reflected ray from the other, the 
measured angle being twice the angle between the reflecting surfaces. Its principal 
use is to measure the altitudes of celestial bodies above the visible sea horizon. Some- 
times it is turned on its side and used for measuring the difference in bearing of two 
terrestrial objects. Because of its great value for determining pusition at sea, the sextant 
has been a symbol of navigation for more than 200 years. The quality of his instrument, 
the care he gives it, and the skill with which he makes observations are to the navigatur 
matters of professional pride. 

The name “sextant” is from the Latin seztans, “the sixth part.” The arc of early 
marine sextants is approximately the sixth part of a circle, but because of the optical 
principle involved (art. 1502), the instrument measures angles of 120°. Most modern 

_instruments measure something more than this. 


i 1502. Optical principles—When a ray of light is reflected from a plane surface, 
Vue angle of reflection is equal to the angle of incidence (fig. 1502a). From optics the 


angle between the first and final directions of a ray of light that has undergone double 
reflection in the same plane is twice the angle that the two reflecting surfaces make 
with each other (fig. 1502b). 

In figure 1502b, AB is a ray of light from a celestial body. The index mirror of 
the sextant is at B, the horizon glass at C, and the eye of the observer at D. Construction 
lines EF and CF are perpendicular to the index mirror and horizon glass, respectively, 
and lines B@ and CG@ are parallel to these mirrors. Therefore, angles BFC and BGC 
are equal because their sides are mutually perpendicular (art. 127, vol. II). Angle BGCis, 
the inclination of the two reflecting surfaces. The ray of light AB is reflected at mirror B, 





se 
\ 
TT \ 
Pi am AAA TG G 
Fiaure 1502a.—Angle of reflection Figure 1502b.—Optical principle 
equals angle of incidence. of the marine sextant. 
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392 INSTRUMENTS FOR CELESTIAL NAVIGATION | 
i 


proceeds to mirror C, where it is again reflected, and then continues on to the eye of 
the observer at D. Since the angle of reflection is equal to the angle of incidence, 


i 
ABE=EBC, and ABC=2EBC | 

BCF=FCD,-and BCD=2BCPF. 
Since an exterior angle of a triangle equals the sum of the two nonadjacent interior | 
angles (art. 128, vol. I), 


ABC=BDC+ BCD, and EBC=BFC+BCF. 
Transposing, 


BDC=ABC—BCD, and BFC=EBC—BCF. 
Substituting 2/BC for ABC, and 2BCF for BCD in the first of these equations, 


BDC=2EBC—2BCF, or BDC=2(EBC—BCF). 
Since 
BFC=EBC—BCF, and BFC=BGC, 
therefore 
BDC=2BFC=2BGC. 


That is, BDC, the angle between tho first and last directions of the ray of light, is 
equal to 2BGC, twice the angle of inclination of the reflecting surfaces. Angle BDC is the 
altitude of the celestial body. 

If the two mirrors are parallel, the incident ray from any observed body 
must be parallel to the observer's line of sight through the horizon glass; i.e., the 
altitude of the body is zero. Accordingly, the 0° graduation on the arc coincides with 
that position of the index arm when the index mirror is parallel to the horizon glass. 
Since the angle that these two reflecting surfaces make with each other is one-half the 
angle actually observed, the arc is so graduated that 10° of arc on the limb is labelled 
20°, 20° of arc is labelled 40°, etc. 

1503. Micrometer drum sextant.—A modern marine sextant, called a micrometer 
drum sextant, is shown in figure 1503a. In most marine sextants, the frame, A, is 
made of brass or aluminum. ‘There are several variations of the design of the frame, 
nearly all conforming generally to that shown. The limb, B, is cut on its outer edge 
with teeth, each representing one degree of altitude. The altitude graduations, C, 
along the limb, are called the are. Some sextants have an arc marked in a strip of; 
brass, silver, or platinum inlaid in the limb. 

The index arm, D, is a movable bar of the same material as the frame. It is pivoted : 
about the center of curvature of the limb. The tangent screw, Z, is mounted perpen-| - 
dicularly on the end of the index arm, where it engages the teeth of the limb. Because | 
the index arm can be moved through the length of the arc by rotating the tangent | 
screw, this is sometimes called an “endless tangent screw,” in contrast with the limited- : 
range device on older instruments. The release, F, is a spring-actuated clamp which 
keeps the tangent screw engaged with the teeth of the limb. By applying pressure on 
the legs of the release, one can disengage the tangent screw. The index arm can then 7 
be moved rapidly along the limb. Mounted on the end of the tangent screw is a | : 
micrometer drum, G, which is graduated in minutes of altitude. One complete turn | 
of the drum moves the index arm one degree of altitude along the arc. Adjacent to the 
micrometer drum and fixed on the index arm is a vernier, H, which aids in reading | 
fractioas of a minute. The vernier shown is graduated into ten parts, permitting read- 
ings to six seconds. Other sextants (generally of European manufacture) have verniers — “ 
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Ficcre 15038a.—U,. S. Navy Mark 2 micrometer drum sextant. 


graduated into only five parts, permitting readings to 12 seconds. 

The index mirror, J, is a piece of silvered plate glass mounted on the index arm, 
perpendicular to the plane of the instrument, with the center of the reflecting surface 
directly over the pivot of the indox arm. The horizon glass, J, is a piece of optical glass 
silvered on its half nearer tho frame. It is mounted on the frame, perpendicular to 
the plane of the sextant. The index mirror and horizon glass are mounted so that 
their surfaces are parallel when the micrometer drum is set at 0°, if the instrument is 
in perfect adjustment. Shade glasses, K, of varying or variable darkness, are mounted 
on the frame of the sextant in front of the index mirror and horizon glass. They can 
be moved into the line of sight at will, to reduce the intensity of light reaching the eye 
of the observer. Some sextants have two sets of shade glasses, as shown in figure 15(4. 

"The telescope, L, screws into an adjustable collar in line with the horizon glass, 
and should then be parallel to the plane of the instrument. Most modern sextants 
are provided with only one telescope, but some are equipped with two or more. When 
only one telescope is provided, it is of the “erect image type,” either such as shown or one 

> with a wider “object glass” (far end of telescope), which generally is shorter in length 
and gives a greater field of view. The second telescope, if provided, may be the “invert- 
ing type.” The inverting telescope, having one lens less than the erect type, absorbs less 
light, but at the expense of producing an inverted image. A small colored glass cap is 
sometimes provided, to be placed over the “eyepiece” (near end of telescope) to reduce 
the glare. With this in place, shade glasses are generally not needed. A ‘‘peep sight” 
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may be provided. It is a clear tube which serves to direct the line of sight of the observer | 
when no telescope is used. : 
The telescope shown in figure 15082 is fitted with a “spiral focusing mechanism.” 
Other sextants substitute a “draw” for this mechanism. The draw is fitted inside the 
telescope tube without threads and is slid in or out as necessary to focus the instrument. 
The spiral focusing mechanism js easily adjusted each time the sextant is used, but on} 
the draw type, the navigator should mark the draw to indicate the correct extension | 
for his eyes. , ; i 
The handle, M, of most sextan‘s is made of wood or plastic. Sextants are designed | 
to be held in the right hand. Some are equipped with a small light on the index arm to’ 
assist in reading altitudes. The batteries for this light are fitted inside a recess in the 
sextant handle. . 
Figure 1503b shows the U.S. Navy Mark 3 micrometer drum sextant from the 
handle side. This figure shows parts not clearly shown in figure 1503a, such as the legs 
and the tangent screw. This sextant, which is generally similar to sextants used in the 
merchant marine, is fitted with a four power telescope. A diopter scale is provided on 
the focusing mechanism of the telescope for adjustment to the individual user’s eye. 
The “anatomical” handle is designed for decreased arm fatigue and hand tremor. A , 


CENTER 


LAMP CABLE 
BATTERY HOLDER CAP ; L 


PUSH ~ BUTTON LIGHT SWITCH ; 
. LEGS (3) 
TELESCOPE CLAMP j 


TELESCOPE 


HANDLE 
FRAME 


RUBBER EYE GUARD 


ARC TEETH 


TANGENT WORM SCREW MICROMETER DRUM 


Figure 1503b.—U. S. Navy Mark 3 micrometer drum sextant. 
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INSTRUMENTS FOR CELESTIAL NAVIGATION 


light switch and batteries are conveniently located in the handle. Large coated optics 
are provided for more light transmission and improved field of view, resolution, and 
magnification. 

There are two basic designs commonly used for mounting and adjusting mirrors 
on marine sextants. On the U.S. Navy Mark 3 and other sextants, the mirror is nounted 
_ so that it can be moved against retaining or mounting springs within its frame. Only 

one perpendicular adjustment screw is required. On the U.S. Navy Mark 2 and other 
sextants the mirror is fixed within its frame. Two perpendicular adjustment screws are 
required. One screw must be loosened before the other screw bearing on the same surface is 
tightened. 

Figure 1503c shows a sextant with a silver arc inserted in the limb, a micrometer 
drum graduated oppositely to the one in figure 1503a, a vernier graduated into six 
parts, a shorter telescope with a wider object glass than that in figure 1503a, a telescope 
draw substituted for a spiral focusing mechanism, and a light fitted on the index arm. 


Figure 1503c.—A micrometer drum sextan: used in the merchant marine. 


1504. Vernier sextant.—Nearly all marine sextants of recent manufacture are of 
the type described in article 1508. At least two older-type sextants are still in use. These 
differ from the micrometer drum sextant principally in the manner in which the final 
reading is made. They are called vernier sextants. 

The clamp screw vernier sextant is the older of the two. In place of the modern 
“release,” a clamp screw is fitted on the underside of the index arm. To move the 
index arm, one Joosens the clamp screw, releasing the arm. When the arm is placed at 
the approximate altitude of the body being observed, the clamp screw is tightened. 
Fixed to the clamp screw and engaged with the index arm is a long tangent screw. When 
this screw is turned, the index arm moves slowly, permitting accurate setting. Move- 
ment of the index arm (by the tangent screw) is limited to the length of the screw 
(several degrees of arc). Before an altitude is measured, this screw should be set to the 
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i 
approximate mid-point of its range. The final reading is made on a vernier set in sl 
index arm below the arc. A small microscope or magnifying glass fitted to the index 
arm is used in making the final reading. Figure 1504 shows a clamp screw vernier = 







The endless tangent screw vernier sextant is identical with the micrometer drum 
sextant, except that it has no drum, and the fine reading is made by a vernier along the 
arc, as with the clamp screw vernier sextant. The release is the same as on the microm- 
eter drum sextant and teeth are cut into the underside of the limb which engage with 
the endless tangent screw. The vernier itself is explained in article 1506. 
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Ficctre 1504.—A clamp screw vernier sextant. 














in the right hand, and the line of sight is directed at the point on the horizon directly 
below the body. Suitable shade glasses are moved into the line of sight, and the index 
arm is moved outward from near the 0° point until the reflected image of the sun 


i 
1505. Use of the sextant-—When the sun is observed, the sextant is held vertically | : : " q 
appears in the horizon glass, near the direct view of the horizon. The sextant is then st 











: tilted slightly to the right and left to check its perpendicularity. As the sextant is § . 
' tilted, the image of the sun appears to move in an arc, and the observer may have to 
aks . z change slightly the direction in which he is facing, to prevent the image from moving § - 


out of the horizon glass. When the sun appears at the bottom of its apparent arc re- 
' sulting from this swinging the arc, or rocking the sextant, the sextant is vertical, i. 
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and in the correct position for making the observation. If the sextant is tilted, too 
great an angle will be measured. When the sextant -is vertical, and the observer is 
facing directly toward the sun, its reflected image appears at the center of the horizon 
glass, half on the silvered part, and half on the clear part. The index arm is then moved 
slowly until the sun appears to be resting exactly on the horizon, which is tangent to 
the lower limb. Occasionally, the sun image is brought below the horizon, and the 


‘upper limb observed. It is good practice to make several observations, moving the limb 


away from the horizon, alternately above and below it, between readings. Practice 
is needed to determine the appearance at tungency, which occurs at only one point, to 
avoid the common error of beginners of bringing the image down too far (too little for an 
upper-limb observation). Some navigators get more accurate chservations by letting 
the body contact the horizon by its own apparent motion, bringing it slightly below 
the horizon if rising, and above if setting. At the instant the horizon is tangent to 
the disk, the time is noted. The sextant altitude is the uncorrected reading of the sex- 
tant. Figure 1505a illustrates the major steps in making an observation of the sun. 
At the left, the index arm has been moved a short distance from 0°. In the center, it 
has been clamped with the sun in the approximate position for a reading, and the 
sextant is being rocked. At the right, the sun is in the correct position for a reading. 
When the moon is observed, the procedure is the same as for the sun, except that 
shade glasses are usually not required. The upper limb of the moon is observed more 
often than that of the sun, because of the phases of the moon. When the terminator 


: (art. 1423) is nearly vertical, care should be exercise! in selecting the limb that is 
> iNuminated, if an inaccurate reading is to be avoided. Sights of the moon are best 


one 


made during daylight hours, or during that part of uvilight in which the moon is least 
luminous. During the night, false horizons nearly alw.vs appear below the moon, due 


- to illumination of the water by moonlight. 


When a star or planet is observed, three methods of making the initial approxima- 
tion of the altitude are in common use. In a common method, the index arm and 
micrometer drum are set on zero and the line of sight is directed at the body to be ob- 
served. Then, while keeping the reflected image of the body in the mirrored half of 
the horizon glass, the index arm is slowly swung out and the frame of the sextant is 
rotated down. The reflected image of the body is kept in the mirror until the horizon 
appears in the clear part of the horizon glass. 

When there is litt’e contrast between brightness of the sky and the body, this 
procedure is difficvit, for if the body is “lost”? while it is being brought down, it may 
not be recovered witnout starting again at the beginning of the procedure. An alter- 
native method frzquently used consists of holding the sextant upside down in the left 








FictrE 1505a.—Left, view through telescope with index arm set near zero. Center, “swinging the 
arc” after the sun has been brought close to the horizon. Right, sun at the instant of tangency. 
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Figure 1505b.— Method of bringing horizon “up” to body. 


hend directing the line of sight at the body, and slowly moving the index arm out 
until t-.2 norizon appears in the horizon glass. This is illustrated in figure 1505b. After 
contact is made, the sextant is inverted and the sight taken in the usual manner. 

A third method cousists of determining in advance the approximate altitude and 
azimuth of the body by a star finder such as No. 2102-D (art. 2210). The sextant is 
set at the indicated altitude, and the observer faces in the direction indicated by the 


azimuth. After a short search, during which the index arm is moved backward and 
forward a few degrees, and the azimuth in which the observer faces is changed a little 
to each side, the image of the body should appear in the horizon glass. ‘The best method 
to use for any observation is that which produces the desired result with the least. effort. 
It is largely a matter of personal preference. 

Measurement. of the altitude of a star or planet differs from that of the sun or 
moon in that the center of a star or planet, rather than a limb, is brought into cein- 
cidence with the horizon. Figure 1505c shows the reflected image of a star as it should 


appear at the time of observation. Because of this difference, and the limited time ; 
usually available for observation during twilight, the method of letting a star or planet ° 


intersect the horizon by its own motion is little used. As with the sun and moon, how- 


ever, the navigator should not forget. to swing the arc to establish perpendicularity of the 


sextant. 


Occasionally, fog, haze, or other ships may obscure the horizon directly below a 
body which the navigator wishes to observe. If the arc of the sextant is sufficiently | - 
long, a back sight might be obtained, using the opposite point of the horizon as the refer- 
ence. The observer faces away from the body and observes the supplement of the alti- —_ 


tude. If the sun or moon is observed in this manner, what appears in the horizon glass 
to be the lower limb is in fact the upper limb. In the case of the sun, it is usually prefer- 


able to observe what appears to be the upper limb. The arc that appears when rocking | 
the sextant for a back sight is inverted; that is, the highest point indicates the position ; 


of perpendicularity. 
If more than one telescope is furnished with the sextant, the erecting telescope is 
used to observe the sun. Generally, the inverting telescope will produce the best results 


Men 


for daylight observations, although some navigators prefer not to use any telescope, , 


thus obtaining a wider field of view. ‘fhe collar into which the sextant telescope fits 


























































































































































































































































































































































































Fiegere 1505c.—Correct position of planet or star at moment of observation. 


may be adjusted in or out in relation to the frame. When moved in, more of the mirrored 
half of the horizon glass is visible to the navigator, and a star or planet is more easily 
observed when the sky is relatively bright. Near the darker limit of twilight, the tele- 
scope can be moved out, giving a broader view of the clear half of the glass, and making 
the less distinct horizon more easily discernible. If both eyes are kept open until the 
last moments of an observation, eye strain will be lessened. But in making the final 
measurement, the nonsighting eye should be closed to permit full ocular concentration. 
Practice will permit observations to be made quickly, reducing inaccuracy due to eye 
fatigue. If several observations are made in succession, with a skort rest between them, 
the best results should be obtained. With experience, the observer should be able to 
“call his shots,’”’ identifying the better ones. 

When an altitude is being measured, it is desirable to have an assistant note the 
tine, so that simultaneous values of time and altitude will be available. He should be 
given a warning “stand-by” when the measurement is nearly completed, and a “mark” 
at the moment a reading is made. He should be instructed to read the three hands in 
order of their rapidity of motion; the second hand first, then the minute hand, and 
finally the hour hand. If it is sufficiently dark that a light is needed to make the read- 
ing, the assistant should read both the time, and then the altitude, behind the observer 
and facing away from him, to avoid impairment of the observer’s eye adaption to sky 
and horizon lighting conditions. 

If an assistant is not available to time the observations, the observer holds the 
watch in the palm of his left hand, leaving his fingers free to manipulate the tangent 
serew of the sextant. After making the observation, he quickly shifts his view to the 
watch, and notes the positions of the second, minute, and hour hands, respectively. 
The delay between completing the altitude observation and noting the time should 
not be more than one or two seconds. The average time should be determined by 
having someone measure it for several observations, or by counting the half seconds 
(learning to count with the half-second beats of a chronometer). This interval can 
then be subtracted from the observed time of each sight. 

1506. Reading the sexiant.—-The reading of a micrometer drum sextant is made 
in three steps. The degrees are read by noting the position of the arrow on the index 
arm in relation to the arc. The minutes are read by noting the position of the zero 
on the vernier with relation to the graduations on the micrometer drum. The fraction 
of a minute is read by noting which mark on the vernier most nearly coincides with 
one of the graduations on the micrometer drum. This is similar to reading the time 
by means of the hour, minute, and second hands of a watch. In both, the relation- 
ship of one part of the reading to the others should be kept in mind. Thus, if the hour 
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Figure 1506a.—Micrometer drum sextant set at 29°42/5. 


hand of a watch were about on “4,” one would know that the time was about foun) 
o’clock. But if the minute hand were on “58,” one would know that the time was | 


0358 (or 1558), not 0458 (or 1658). Similarly, if the arc indicated a reading of about | 


40°, and 58’ on the micrometer drum were opposite zero on the vernier, one would ‘ 
know that the reading was 39°58’, not 40°58’. Similarly, any doubt as to the correct ! 
minute can be removed by noting the fraction of a minute from the position of the 
vernier. In figure 1506a the reading is 29°42‘5. The arrow on the index mark is between 
29° and 30°, the zero on the vernier is between 42’ and 43’, and the “0/5” graduation 
on the vernier coincides with one of the graduations on the micrometer drum. 

The principle of reading a vernier type sextant is the same, but the reading is 
made in two steps. Figure 1506b shows a typical altitude setting on this type sex- 
tant. Each degree on the arc of this sextant is graduated into three parts, permitting 
an initial reading by the reference mark on the index arm to the nearest full 20 minutes 
of arc. In this illustration the reference mark lies between 29°40’ and 30°00’, indi- 
cating a reading between these values. The reading for the fraction of 20’ is made 
by means of the vernier, which is engraved on the index arm and has the small refer- 
ence mark as its zero graduation. On this vernier, 40 graduations coincide with 39 
graduations on the arc. Hach graduation on the vernier is equivalent to Yo of one 
graduation (20’) on the arc, or 0/5 (30°). In the illustration, the vernier graduation 
representing 24% minutes (2’30”) most nearly coincides with one of the graduations 
on the arc. Therefore, the reading is 29°42’30’, or 29°42/5, as before. When a vernier 
of this type is used, any doubt as to which mark on the vernier coincides with a gradua- 
tion on the are can usually be resolved by noting the position of the vernier mark on 
each side of the one that seems to be in coincidence. 
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Figure 1506b.—Vernier sextant set at 29°42/30*. 


Negative readings (as in determining index correction, art. 1603) are made in 
the same manner as positive readings, the various parts being added algebraically 
{art. 106, vol. II). Thus. if the three parts of 2 micrometer drum reading are (—)1°, 56’. 
and 0/3, the total reading is (—~)1°+56’+-0/3 =(—)3?7. 

1507. Developing observational skiil—A well-constructed marine sextant is 
capable of measuring angles with an instrument error not exceeding 0:1. Lines of position 
from altitudes of this accuracy would not be in error by more than about 200 yards. 
However, there are various sources of error, other than instrumental, in altitudes 
measured by sextant. One of the principal sources is the observer himself. There is 
probably no single part of his work that the navigator regards with the same degree 
of professional pride es his ability to make good celestial observations. Prebably none 
of his other tasks requires the same degree of skill. 

The first fix a student navigator obtains by his observation of celestial bodies is 
likely to be disappointing. Most navigators require a great amount of practice to 
develop the skill needed to make good observations. But practice alone is not sufficient, 
for if a mistake is repeated many times, it will be difficult to eradicate. Early in his 
career a navigator would do well to establish good observational technique—and 
continue to develop it during the remainder of his days as navigater. Many good 
pointers can be obtained from experienced navigators, but it should be remembered 
that each develops his own technique, and a practice that proves highly successful for 
ore observer mey not help another. Also, an experienced navigator is not necessarily 
a good observer, although he may consider himself such. Navigators have a natural 
tendency to judge the accuracy of their observations by the size of the figure formed 
when the lines of position are plotted. Although this is some indication, it is an im- 
perfect one, because it does not indicate the errors of individual observations, and 
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may net reflect constant errors. Also, it is a compound cf a number of errors, some 
of which are not subject to control by the navigator. 

When a student first begins to-use the sextant, ke can eliminate gross errors of 
principle in its use, and gain some ebility in making observations, by accepting the 
coaching of an experienced navigator. By-watching the novice make observations, 
the experienced navigator cah observe a tendency to hold the instrument incorrectly, : 
swing the are improperly, or make other mistakes. When a celestial body is near the| 
celestial meridian, the experienced navigator-might make an observation and quick!y! 
transfer the sextant to the inexperienced one, who can see how the sight should appear. 
The two might make simultaneous observations and compare results. At first it isi 
well to select. bodies of low altitude, if they are available. , 

This procedure is helpful in detecting gross mistakes, but since the vbservations of! 
the experienced navigator are not without error, this method is not suitable for final’ 
polishing of technique. For this purpose, observations should be compared with a 
more exact standard. Lines of position from celestial observations can be compared 
with good positions obtained by electronics or by piloting, if near a shore. Although 
this is good practice and provides a means of checking one’s skill-from time to time, 
it does not provide the large number of comparisons in a short. time needed if technique 
is fo be perfected. 

This can sometimes be accomplished when a vessel is at anchor, or at a pier, if al 
stretch of open horizon is available. In advance, the altitude of a celestial body which] 
will be over the open horizon at a time favorable for observation is computed at intervals} 
of perhaps eight minutes (change in hour angle of 2°). If the body will be near the 
meridian, a smaller interval should be used. The altitude is determined for the posi- 
tion of the vessel, and all sextant altitude corrections (ch. XVI) are applied with re- 
versed sign. These altitudes are then plotted versus time on cross-section paper, to a 
large scale, and a curve drawn through the points. At the selected time, a large num- 
ber of observations are made at short intervals, allowing only enough time between 
observations for resting the eves and arms. These observations are then plotted on 
the cross-section paper and compared with the curve. 

An analysis of the results should be instructive. Exratic results indicate poor 
observational conditions or the need for practice and more care in making observa- 
tions. If the measured altitudes are consistently too great, the sextant may not de 
rocked properly, the condition of tangency of the lower limb of the sun or moon may 
not be judged accurately, a false horizon in the water may have been used, subnormal 
refraction (dip) might be present, the eve might be higher above water than estimated, } 
time might be in error, the index correction may have been determined incorrectly, the} 
sextant might be out of adjustment, en error may have been made in the computation,! | 
the horizontal (vertical) may be tilted slightly by nearby mountains, ete. If the} 
measured altitudes are consistently too low, the condition of tangency of the upper lim! 
of the sun or moon may not be judged accurately, a low cloud may have been used as} 
the horizon, abnormal refraction (dip) might be present, height of eve might be iower! 
than estimated, time might be in ee ‘the ind¢x error muy have been determined 
incorrectly, the sextant might be out of adjustment, an error may bave been made in 
the computation, the waves or swell at the horizon might be higher than at ihe ship, the- 
horizontal (vertical) may be tilted slightly, a planet or bright star may have been, 
placed “tangent” to the horizon rather than centered on the horizon, etc. : 

A single test of this type, while instructive, may not be conclusive. Several tests/- 
should be made with different celestial bodies, at various altitudes, under various con-: 
ditions of weather and sea, and at different places. Generally, it is possible and desir-" 
able to correct. any errors being made in the technique of observation, but occasionally a 
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personal error (somctimes called personal equatien) will persist. This might be differ- 
ent for the sun and moon than for planets and stars, and might vary with degree of 
fatigue of the observer, and other factors. For this reason, a personal error shouid be 
applied with caution. However, if a relatively constant personal ~rror persists, and 
. 6xperience indicates that observations are improved by applying a correction to remove 
its effect, better results might be obtained by this procedure than by attempiing to 
eliminate it from one’s observations. 
When lines of position of great reliability are desired, even an experisaced ravigator 
can usually improve his resuits by averaging to reduce random error (art. 304, vol. IT). A 
number of observations, preferably not less than ten, are made in quick succession. 
These can then be plotted versus time, on cross-section paper, and a curve faired through 
the points. Unless the body is near the celestial ineridian, this curve shorld be very 
nearly a straight. line. Any point on the curve can be used as the observaiion, using 
the time and altitude indicated by the point. It is best to use a point near the middle 
of the line, to avoid possible errors in its slope. 
The slope can be determined by means cf Pub. No. 214, using At, which is the 
change of altitude relative to change in meridian angle (time). Meridian angle changes 
at the rate of 1’ in 4°. Therefore, the change in altitude, in minutes of are per second 


, 
of time, is equal to At (expressed as minutes of arc) divided by 4°, or - Thus, if 


fg 


. an 


<P =0°165 per second, or 15’X0‘66=9'9 per minute of 
time, increasing if the body is rising, and decreesing if it is setting. This rate may be 
altered by motion of the ship, the amount being the distance traveled in one minute, 
multiplied by the natural cosine of the relative azimuth of the body. Thus, if the speed 
is 15 knots, the ship moves 0.25 ile per minute. If the hady is 30° on the bow, the al- 
titude changes 0.25 X 0.85603 =0'2 per minute due to motion of the ship, in addition to 
its own appaient motion due io rotation of the earth. If the body is forward of the beam, 
the effect of the ship’s motion is to increase the altitude; if abaft the beam, to decrease 
it. The total effect is the algebraic sum of the separate effects due to rotation of the 
earth and scotion of the vessel, since rate at the vessel is desired. Rapid change of At 
indicates a curved rate line. If a large number of cbservations is made, the slope of the 
line should be apparent from the plotted points. 

A somewhat simpler variation is generally available if observations are made at 
equal intervals, unless the body is near the meridian. It is based upon the assumptica 
that the change in altitude should be equal for equal intervals of time. A number of 
observations might be made by having an assistant give a warning “stand-by” and 
then a “mark” at equai intervals of time, as every ten or 20 seconds. Perhaps a better 
procedure is to make the observations at equal altitude increments. After the first 
observation, the altitude is changed by a set amount according to its rate of change, 
as 5’. 1: setting is increased if the body is rising, and decreased if it is setting. The 
body is then permitted to cross the horizon by its own motion, and at the instant of 
doing so, the time is noted. If time intervals are constant, the mid time and the average 
altitude are used as the observation. If altitude increments are constant, the average 
time and mid altitude are used. An uneven number of observations simplifies the finding 
of the mid value, but with ten observations the finding of the average value is easier. 

If only a small number of observations is available, as three, it is usually preferable 
to solve ail observations and plot the resulting lines of position, adjusting them to 2 
common time. The arerage position of the line might be used, but it is generally better 
practice to use the middle line (or a line midway between the two middle ones if there 
are an even number). 


: At is 0.66, the altitude changes 
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In this discussion of averaging, it has been assumed that all observations are/ 
considered of nearly equal value. Any observation considered unreliable, either in| 
the judgment of the observer or as a result of a plot, should be rejected in finding an| 
average. i 

1508. Care of the sextant.—The modern marine sextant is a well-built, precision! 
instrument capable of rendering many years of reliable service, with minimum attention. 
However, its usefulness can easily be impaired by careless handling or neglect. If it is 
ever dropped, it may never again provide reliable information. If this occurs, the 
instrument should be taken to an expert for careful testing and inspection. 

When not in use, a sextant should invariably be kept in its case and properly stowed. 
The sextant case should be a well-constructed hardwood box fitted on ‘ts exterior with 
a lock, a handle, and two hooks, preferably the type having safety catchs. The interior 
of the case should be fitted with blocks in which the handle or legs, sr bath, are placed 
when the sextant. is stowed. Some sextant cases are fitted with catches which clamp 
over the handle when the sextant is stowed, and some are fitted with felt-lined blocks on 
the inside of the cover, to clamp down on the extreme ends of the arc when the case is 
closed. The case should be so constructed that it can be closed with the shade glasses and 
index arm in nearly any normal position, and preferably with the telescope in place __ 
The last is particularly valuable to the navigator on an overcast day when only one} 
opportunity to observe the sun may present itself, and the «ight may have to be taken | 
quickly. A case such as the plastic case (fig. 1508) for the U. S. Navy Mark 3 sextant is} 
an adequate alternative. In this case, the sextant is stowed snugiy within a polyurethane j 
cushion. A keeper prevents movement of the sextant. However, the index arm must be 
placed at 20° before the sextant can be placed in the recesses of the cushion. 

‘The case itself should he securely stowed in a convenient place away from excessive ae 
heat, dampness, and vibration. A shelf with built-up sides into which the case fits 
snugly is a good stowage place. The practice of leaving the sextant in itscaseonachart}| ~~ - 
room settee is a bad one, and the instrument should zerer be left. unattended on the 
chart. table. . 

To remove the sextant from its case, grasp the frame firmly with the left hand, : 
making sure that no pressure is applied to the index arm, and lift the instrument from} - ae 
the box. Then take the sextant in the right hand, by its handle, leaving the left hand } 
free to make any adjustments necessary before taking a sight. The instrument should 
never be held by its limb, index arm, or telescope. 

Next to careless handling, the greatest enemy of the sextant is moisture. The — 
mirrors, especially, and the arc should be wiped dry after each use. A new sheet of 
plain lens paper is best to use for this purpose, and linen second best. Over a period 
of time, however, linen collects dust, which may contain abrasives that will scratch 
the surface of the mirrors. For this reason. linen, if it is used, should be kept in a small 
bag to protect it from dust in the air. Chamois Jeather and silk are particularly likely to 
collect ebrasive dusts from the air and they should not be used to clean the mirrors 
or telescope lenses. Should the mirrors become particularly dirty, they can be cleaned 
with a small amount of alcohol, applied with a clean piece of lens paper. The are can = 
be cleaned, when necessary, with ammonia, but never with 2 polishing compound. In 
cleaning or drying the mirrers and arc, care should be taken that excessive pressure is - 
not applied to any part of the instrument. 

A small bag of silica gel kept in the sextant case will help in keeping the air in the 
case free from moisture, ana will help to preserve the mirrors. Occasionally, the silica | 
gel should be heated in an oven to remove the absorbed moisture. i 


s 


h 
h 


silahkan a 






































rae 










































































































































































































INSTRUMENTS FOR CELESTIAL NAVIGATION 405 


It may be necessary to wash the sextant with fresh water if it is subjected «sea 
spray. After washing, the sextant should be wiped gently, using a soft cotton cloth. 
Then, the optics should be gently polished using lens paper. 

Glass optics do not transmit the whole of the light received. This is due io the 
tendency of air-to-glass surfaces to reflect a portion of the light received with resu'!tant 


Figure 1508.—-Case for Mark 3 sextant showing sextant stowed in polyurethane cushion, 
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decrease in the light transmitted. This loss of light reduces the brightness of the image? 
of the object viewed through such a glass optic. If the object is viewed through several; 
glass optics, as is the case with the sextant telescope assembly, then the brightness of 
the image seen will be seriously affected and the image will be indistinct. ‘The reflec- 
tion also causes a glare which obscures the image of the object being viewed. 

To reduce to a minimum the effect of this reflection from air-to-glass surfaces, and 
.nus, to improve light transmission, the glass optics are treated with an anti-reflection| 
coating. The coatings are extremely thin and can be easily damaged. Therefore, only} 
light pressure should be applied when polishing the coated optics with lens paper. It) 
is good practice to blow loose dust off the lens before attempting to clean. This will 
insure that there will be no grit under the lens paper. : 

The tangent screw and the teeth on the side of the limb should be kept clean and] 
lightly oiled, using the oil provided with the sextant. It is good practice to set ocea-| 
sionally the index arm of an endless tangent screw at one extremity of- the limb and} 
then to rotate the tangent screw over the length of the arc. This will clean the teeth | 
and spread the oil through them. At any time that the sextant is to be stowed for| 
a long period, the are should be piotectéd with a thin coat of petroleum jelly. 

If the mirrors need resilvering, they are best taken to an instrument shop where al 
professional job can be done. However, on rare occasions it may be necessary to re-} 
silver the mirrors of a sextant at sea. In anticipation of this possibility, the navigator } 
should obtain the necessary materials in advance, as makeshift substitutes cannot bes 
1elied upon to do the job adequately. The required materials are xylene (available in 
most pharmacies), dilute nitric acid (optional), alcohol, cotton, tin foil about 0.005 inch 
thick, a small amount of mercury, a clean blotter, and some tissue paper. Do not sub- 
stitute aluminum foil commonly used in packaging candy and cigarettes. 

First, remove the protective coating with alcohol (or better, acetone) from the 
back of the mirror to be resilvered, and clean the glass with xylene or acid. If the old 
silvering is difficult to remove, soak it in water. Place the blotter on a flat surface and 
turn up and seal the edges to form a tray. This will serve to contain the mercury if the ae 
vessel should roll during the operation. Using cotton, clean and smooth out both sides 

of a piece of tin foil slightly larger than the glass to be silvered, first with alcohol and 
then with xylene (do not use acid). Make certain that no lint adheres to the foil, and | 
place it on the blotter. Clean the mercury by squeezing it through cheese cloth, and | 
apply a drop to the foil. Carefully spread it over the surface with a finger, making sure |~ 
that none of the mercury gets under the foil. Add a few more drops of mercury until. ; 
the entire surface of the foil is covered and tacky. The mercury combines with some of; ~7 3 
the tin to form an amelgam. Place the chemically cleaned glass on a piece of clean; x 
tissue paper with the side to be silvered face down. Then place the glass and the paper | . 
on tue amalgam. Apply slight pressure to the glass and withdraw the tissue paper. | qe 
Following this, grasp the edge of the tin foil and lift it and the mirror from the blotter. 
Invert the glass and the tin foil and plece in an inclined position, silvered side up. Any | 
mercury remaining on the blotter is no longer pure and should be disposed of, Five or, 
six hours later any loose foil may be scraped from the sides of the mirror, and the fol- 
lowing day a coat of commercial varnish or lacquer should be applied to the silvered 
surface. Should the mirrored half of the horizon glass require silvering, the clear half 
may be protected by a strip of cellulose or adhesive tape. 

1509. Sextant adjustments.—-There are at least seven sources of error in the | 
marine sextant, three nonadjustable by the navigator, and four adjustable. by. 
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‘The nonadjustable errors are: ‘prismatic error,’’ “graduation error,” and ‘‘center- 
ing error.” 

‘The prismatic error is present. if the two faces of the shade glasses and mirrors are 
not parallel. Error due to lack of purallelism in the shade glasses may be called shade 
error. Shade error in the shade glasses near the index mirror can be determined by 
comparison of an angle measured when a shade glass is in the line of sight with the 
same angle measured when the glass is not in the line of sight. In this manner, the 
error for each shade glass can be determined and recorded. If shade glasses are used in 
combination, their combined error should be determined separately. If additional 
shading is needed for the observations, use the colored telescope eyepiece cover. This 
does not introduce an error because direct and reflected rays are traveling together when 
they reach it, and are therefore affected equally by any lack of parallelism of its two 
sides. 

Lack of parallelism of the two faces of the index mirror can be detected by carefully 
measuring a series of angles; then removing the index mirror, inverting it, and replacing 
it; and then measuring the same angles again. Half the diti- ence is the prismatic error. 
After the index mirror has been inverted, it should k» = cked carefully for perpen- 
dicularity io the frame of the sextant, as explained ‘civ 

Lack of parallelism of the two faces of the hor:zon glass will appear as part of the 
index error, and so need not have separate attention. The same is true of prismatic 
error in the shade plasses located near the horizon glass, but unless index error is deter- 
mined with the shade glasses in place, the measured index error will not be the correct 
value for the combined error. 

Graduation errors occur in the arc, micrometer drum, and vernier of a sextant 
which is improperly cut or incorrectly calibrated. Normally, the navigator cannot 
determine whether the arc of a sextant is improperly cut, but the principle of the vernier 
makes it possible to determine the existence of graduation errors in the micrometer 
drum or vernier and is a useful guide in detecting a poorly made instrument. The first 
and last markings on any vernier should align perfectly with one less graduation on 
the adjacent micrometer drum. In figure 1508a, the vernier is graduated in ten units. 
When the zero point is aligned with any graduation on the micrometer drum, the 
“ten” graduation should be in perfect alignment with a micrometer graduation nine 
units greater than the one in line with zero on the vernier. In figure 1803c, the vernier 
is graduated in six units and shculd align perfectly with any two graduations five 
units apart on the micrometer. 

Centering error results if the index arm is not pivoted at the exact center of curva- 
ture of the arc. It can be determined by measuring known angles, after the edjustable 
errors have been removed. Horizontal angles can be used by determining the accurate 
value by careful measurement with a theodolite. Several readings by both theodolite 
and sextant should minimize errors. An alternative method is to measure angles between 
the lines of sight to stars, comparing the measured angles with computed values. To 
minimize refraction errors, one should select stars at about the same altitude, and avoid 
stars near the horizon. 

The same shade glasses, if any, used for determining or eliminating index error 
should be used for measuring centering error. The errors determined in this manner 
include any error due to faulty graduation, and prismatic error of the index mirror, 
unless corrections are applied for these errors. However, since all vary with the angle 
measured, they need not be separated. Usually, it is preferable to make a single correc- 
tion table for all three errors, called instrument error. Customarily, such a table is 
determined by the manufacturer and attached to the inside cover of the sextant case. 
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The sign of the error is reversed, so that the values given are for instrument correction 


(1). 

The adjustable errors in the sextant are those related to perpendicularity of (1) 
the frame and the index mirror, and (2) the frame and the horizon glass, and parallelism 
of (3) the index mirror and horizon glass to each other at zero setting, and of (4) the 
telescope to the frame. Each of these errors, if it existe, can be removed from the sextant 
by careful adjustment. In making these adjustments, rever tighten one adjusting screw 
without first loosening the other screw which bears on the same surface. The adjustments 
should be made in the order indicated. 

The first adjustment is for perpendicularity of the indéx mirror to the frame of 
the sextant. To test for perpendicularity, place the index arm at about 35° on the arc, 
and hold the sextant on its side, with the index mirror “up” and toward the eye b- 
serve the direct and reflected views of the sextant arc, as illustrated in figure 1509a. 
If the two views do not appear to be joined in a straight line, the index mirror is not 
perpendicular. If the reflected image is above the direct view, the mirror is inclined 
forward. If the reflected im:ze is below the direct view, the mirror is inclined back- 
ward. An alternative and sometimes more satisfactory method of determining per- 
pendicularity involves the use of two small vanes, or similar objects, of exactly the 
same height. Figure 1509b illustrates this method. Again the index arm is set at ahout 
$5°. The vanes are placed upright cn the extremities of the limb, in such a way that the 
observer can, by placing his eye nevr the index mirror, see the direct view of one vane 
and the reflected image of the other. The tops of the objects are then observed for align- 
ment. The use of vanes permits observation in the plane of adjustment, rather than 
at an angle. Adjustment is made by means of two screws at the back of the index mirror. 

The second adjustment is for perpendicularity of the horizon glass to the frame 
of the sextant. An error resulting from the horizon glass not being perpendicular is 
called side error. To test for perpendicularity, set the index arm at zero and direct 
the line of sight at a star. Then rotate the tangent screw back and forth so that the 
reflected image passes alternately above and below the direct view. If, in changing from 
one position to the other, the reflected image passes directly over the star as seen without 
reflection, no side error exists, but if it passes to one side, the horizon glass is not 
perpendicular to the frame of the sextant. Figure 1509¢c illustrates observations without 
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FiaorE 1509a.—Testing the perpendicularity of the index mirror. Here the mirror is not 
perpendicular. 
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Fiaure 1509b.—Alternative method of testing the perpendicularity of the index mirror. Here the 
mirror is perpendicular. 


side error (left) and with sice error (right). Whether the sextant reads zero when 
the true and reflected images are in coincidence is immaterial in this test. An alternative 
method is to observe a vertical line, such as one edge of the mast of another vessel 
(or the sextant can be held on its side and the horizon used). If the direct and reflected 
portions do not form a continuous line, the horizon glass is not perpendicular to the 
frame of the sextant. A third method is to hold the sextant vertical, as in observing 
the altitude of a celestial body, and bring the reflected image of the horizon into coin- 
cidence with the direct view, so that it appears as a continuous line across the horizon 
glass. Then tilt the sextant right or ieft. If the horizon still appears continuous, the 
horizon glass is perpendicular to the frame, but if the reflected portion appears above or 
below that part seen direct, the glass is not perpendicular. Adjustment is made by means 
of two screws near the base of the horizon glass. 


FictRE 1509c.—Testing the perpendicularity of the horizon 
Glass. fasts side error docs not exist. Right, side error 
loes exist. 


The third adjustment is to make the index mirror and horizon glass parallel when 
the index arm is set exactly at zero. The error which results when the two are not 
parallel is the principal cause of index error, the total error remaining after the four 
adjustments have been made. Index error should be determined each time the sextant 
is used and need not be removed if its value is known accurately. To make the test 
for parallelism of the mirrors, set the instrument at zero, and direct the line of sight 
at the horizon or a star. Side error having been eliminated, the direct view and reflected 
image of the horizon appear as a continuous line, or the star as a single point, if the two 
mirrors are parallel. If the mirrors are not parallel, the horizon appears broken at 
the edge of the mirrored part of the horizon glass, one part being higher than the other. 
The reflected image of a star appears above or below the star seen without reflection. 
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If the star appears as a single point, move the tangent screw a smali amount to be sure 
both direct view and reflected image are in the range of vision. The sun can be used by 
noting the reading when the reflected image is tangent to the sun as seen direct, first 
above it and then below. These should be rumerically equal but of opposite sign (one 
positive and the other negative). To avoid variations in refraction, do not use low 
altitudes; or turn the sextant on its side and use the two sides of the sun. Adjustment 
is made by two screws near the base of the horizon glass. If the error is not to be re- 
moved, turn the tangent screw until direct view and reflected image of the horizon or 
a star are in coincidence. The reading of the sextant is the index error. It is positive if 
the reading is “on the arc” (positive angle), and negative if “‘off the arc’ (negative 
angle). In the case of the sun it is half the numerical difference (algebraic sum) of the 
readings, positive or negative to agree with the larger reading. Index correction (IC) is 
numerically the same as index error, but of opposite sign. Since both the second and 
. third adjustments involve the position of the horizon glass, it is good practice to recheck 
for side error after index error has been eliminated. Index error should always be checked | 
after adjustment for side error. { 
The fourth adjustment is to make the telescope parallel to the frame of the sex- | 
tant. If the line of sight through the telescope is not parallel to the plane of the instru- | 
ment, an error of collimation will result, and altitudes will be measured as greater | 
than their actual values. To check for parallelism of the telescope, insert it in its collar , 
and observe two stars 90° or more part, bringing the reflected image of one into i 
; coincidence with the direct. view of the other, near either the right or left edge of the | 
, field of view (the upper or lower edge if the sextant is horizontal). Then tilt the sextant 
so that the stars appear near the opposite edge. If they remain in coincidence, the 
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telescope is parallel to the frame, but if they separate, it is not. An alternative method 
is to place the telescope in its collar aud then lay the sextant on a flat table. Sight 
along the frame of the sextant and have an assistant place a mark on the opposite 
bulkhead, in line with the frame. Place another mark above the first at a distance 
equal to the distance from the center of the telescope to the frame. This second line 
should be in the center of the field of view of the telescope if the telescope is parallel 
to the frame. Adjustment for nonparallelism is made to the collar, by means of the 
two screws provided for this purpose. 

Determination of any of the errors should be based upon a series of observations, 
rather than a single one. This is particularly true in the case of index error, which | 
should be determined by approaching coincidence from opposite directions (up and | 
down) on alternate readings. If adjustments are made carefully, and the sextant is 
given proper handling, it should remain in adjustment over a long period of time. | ~ 
Unless the navigator has reason to question the accuracy of the adjustments, they .! 
need not be checked at intervals of less than several months, except in the case of 
index error, which has the greatest effect on accuracy of readings, and should be checked 
each time the sextant is used. If the horizon is used for determining index error, this 

; check should be made before evening twilight observations, and after morning twilight 
sates observations, while the horizon is sharp and distinct. If a star is used, the index error 
should be determined after evening observations aad before morning sights are taken. 
During the day, it should be checked both before and after observations. 

Frequent manipulation of the adjusting screws should be avoided, as it may cause 
excessive wear. Except in the case of index error, slight lack of adjustment has little 
effect on the resuJts, and should be ignored. If adjustments are needed at frequent 
intervals, the sextant is not receiving proper care, or has worn parts which should be I 
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replaced at a navigation instrument shop. If index error is not constant, it should 
not be removed, but index correction should be determined before or after every obser- 
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vation and applied to the readings, until the sextant can be repaired. A small variable | 
error might well be accepted, but should be watched to see that it does not become | 
| 






unduly large. 

1510. Selection of a sextant.—For satisfactory results a sextant should be selected 
carefully. For accurate work the radius of the arc should be about 6% inches or more. 
The instrument should be light, but strongly built. The various moving parts should 
fit snugly, but movo freely without binding or gritting. If the index arm is either too 
loose or too tight at either end Jf the arc, the pivot may not be perpendicular to the 
frame of the sextant. The telesce= should be easy to insert cr remove from its holder, 
and to focus. 

The use tv be made of a sextunt should be considered in its selection. For ordinary 
use in measuring altitudes of celestial bodies, an arc of 90° or slightly more is sufficient. 
A longer arc is desirable if back sights are to be made, or if horizontal angles ure to be 
measured. If use of the sextant is to be limited to horizontal angles, less accuracy is re- 
quired. The arc can be of smaller radius, and small nonadjustable errors are unimportant. 3 

If practicable, a sextant should be examined by an expert, and tested for non- g 
adjustable errors before acceptance. 

1511. Octants, quintants, and quadrants.—Originally, the term “sextant” was 
applied to the navigator’s double-reflecting, altitude-measuring instrument only if its 
























































arc was 60° in Jength—a sixth of a circle—permitting measurement of angles from 0° 3 
to 120°. In modern usage the term is applied to all navigational altitude-measuring a 
instruments, regardless of angular range or principles of operation, although some are | 2 
octants (angular range 90°), some quintants (144°), some quadrants (180°., and many % 
have an intermediate range. Ee 
1512. The artificial horizon—Measurement of altitude requires a horizontal 4 
reference. In the case of the marine sextant this is commonly provided by the visible i 4 
sea horizon. If this is not clearly visible, reliable altitudes cannot be measured unless . 
a different horizontal reference is available. Such a reference is commonly called an = 
artificial horizon. If it is attached to, or part of, the sextant, altitudes can be measured 
at sea, on land, or in the air, whenever celestial bodies are available for observations. 
On land, where the visible horizon is not a reliable indication of the horizontal, an a: 
external artificial horizon can be devised. # 
Any horizontal reflecting surface will serve the purpose. A pan of mercury, heavy \ . 3 
oil, molasses, or other viscous liquid sheltered from the wind is perhaps simplest. i. = 
A piece of plate glass fitting snugly across the top 0? the container is usually the best | a 
shelter. 1f there is any reasonable doubt as to the parallelism of the two sides of the i a 
glass, two readings should be made with the glass turned 18C° in azimuth between 3 
readings, and the average value taken. The pan and liquid should be clean, as foreign - 3 
se 





error in the reading. 

To use an external artificial horizon, the observer stands or sits in such a position 
that the celestial body to be observed is reflected in the liquid, and is also visible by 
direct view. By means of the sextant, the double-reflected image is brought into co- 
incidence with the image appearing in the liquid. In the case of the sun or moon the 
bottom of the double-reflected image is brought into coincidence with the top of the 
image in the liquid, if a lower-limb observation is desired. For an upper-limb obser- 
vation, the opposite sides are brought into coincidence. If one image is made to cover 
the other, the observation is of the center of the body. 

When the observation has been made, apply the index correction and any other 
instrumental correction, as well as any correction for personal error. Then take half 
the remaining angle and apply all other corrections except dip (height of eye) cor- 
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material on the surface of the liquid is likely to distort the image and introduce an | = 
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rection, since this is not applicable. If the center of the sun or moen is observed, omit, 
also, the correction for semidiameter. Chapter XVI explains the various corrections 
and their applications. 

A commercial artificial horizon consisting of a metal tray, mercury, cover of two 
sloping glass sides held in a metal frame, metal bottle to hold the mercury when not in 
use, and a funnel for pouring, was at one time a familiar part of a navigator’s equipment, 
but the modern navigator might experience difficulty in locating such a device. 

1513. Artificial-horizon sextants.—-Shortly after the marine sextant was invented 
(art. 124), an attempt was made to extend its use to periods of darkness. This was done 
by providing a spirit level attachment. The observer brought the double-reflected image 
of the celestial body being observed into coincidence with the bubble of the spirit level. 
Such devices have been made available from time to time, and are still being manu- ° 
factured. However, they have never come into general use, and are of questionable ~ 
value. 

Charles A. Lindbergh’s historic solo flight across the North Atlantic in 1927 demon- 
strated the practicability of long over-water flights. The development of a suitable 
instrument for observing altitudes of celestial bodies during darkness and when the 
horizon was obscured by clouds or haze became a virtual requirement. Various forms 
of artificial horizon have been used, including a bubble, gyroscope, and pendulum. Of 
these, the bubble has been most widely used. Figure 1513a illustrates a modern peri- 
scopic sextant permitting observation with only a small tube protruding through the 
top of the aircraft. Figure 1513b shows the optical principle of a different type aircraft 
sextant. 

With an artificial horizon of the bubble or pendulum type, considerable skill is 
needed to make an observation. The image of the horizontal reference (a circle or 
horizontal line) and the celestial body voth appear in the field of view, and both may 
seem unsteady. An observation is made by matching the two near the center of the field 
of view. The appearance at coincidence depends upon the instrument. Some bubbles 
appear dark and are placed on a level with the body. Others have a clear center and are 
placed over the body. One pendulum type has a horizontal line that is customarily 
placed directly across the body, although a limb observation can be made if desired. 
Bubbles can be regulated in size, and the instructions provided with the instrument 
should be followed. In general, the bubble diameter should be about one-sixth to 
one-fourth the size of the field of view. This is about three to four times the size of the 
sun or full moon as seen through the eyepiece. A very small bubble should be avoided 
because it tends to lag sextant movements so much that it is unreliable as a horizontal 
reference. 

A considerable amount of practice is needed to develop skill in making reliable 
observations with an artificial-horizon sextant, even on land or other steady platform. 
At sea or in the air the motions of the craft greatly increase the difficulty of observation. 
In addition to compounding the difficulty of making coincidence, the craft motion 
introduces a sometimes large and rapidly varying acceleration error. That is, motions 
of the craft produce an acceleration on the pendulum or the liquid of the bubble cham- 
ber, causing false indication of the horizontal, In smooth air the accelerations tend 
to follow a cycle of about one to two minutes in length. They are largely eliminated 
by use of an averaging device. In making an observation, the observer attempts to 

maintain coincidence continuously over a period, usually two minutes. The average 
altitude, generally indicated on a dial or drum, is used with the mid time of observation. 
Thus, perhaps 60 individual observations, or a continuously integrated altitude, are 
available to smooth out errors of individual observations. 











nat rite 


UMA PM 
t S 
*. 


i 
3 
4 
5 
a 


maenennemtee 


* 


a pn ema mnagnnamnnetet 










































































































































































INSTRUMENTS 


| 
i 
| 


INDEX PRISM 


Figure 1513b.—Optical principle of a typical 
bubble sextant. 
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On iand or other steady platform & skillful observer using a two-minute averaging 
bubble or pendulum sextant can measure altitudes to an accuracy of perhaps 2’ (two 
miles). This, of course, refers to the accuracy of measurement only. and does not include 
additional errors such as abnormal refraction, deflection of the vertical, computational 
and plotting errors, etc. In steady flight through smooth air the error of a two-minute 
observation is increased to perhaps five to ten miles. At sea, conditions are different. 
In a glassy sea with virtually no roll or pitch, results should upproach those on land. 
However, with even a slight, gentle roll the accelerations to which 2 vessel is subjected 
are quite complex, as indicated by the difficulty one not accustomed to the sea has in 
getting his “sea legs” during the early part of a voyage. If the vessel is yawing, a large 
Coriolis error (art. 815, vol. II) may be introduced. Under these conditions observa- ' 
tional errors of 10-15 miles are not unreasonable. With a muderate sea, errors of 30 : 
miles or more are common. In a heavy sea, any useful observations are virtually , 
impossible to obtain. Single altitude observations in a moderate sea can be in error by 
a matter of degrees. 

Because of the difficulty of observing, and the large acceleration errors encountered 
aboard a vessel, bubble and pendulum type sextants have very limited use at sea. A 
submarine on war patrol, surfacing only during darkness, may have use for such an 
instrument. A large number of observations on a reasonably calm night can produce 
results of some value. However, even under these conditions some navigators report 
better results with a marine sextant and dark-adapted eyes. In pack ice a ship generally 
provides a reasonably steady platform. When the horizon is obscured by ice or haze, 
polar navigators ean sometimes obtain better results with an artificial-horizon sextant 
than with a marine sextant. Some artificial-horizon sextants have provision for making 
observations with the natural horizon as a reference, but since this is a secondary usage, 
results are not generally as satisfactory as by marine sextant. Because of their more 
complicated optical systems, and the need for providing a horizontal reference, artificial- 
horizon sextant» are generally much more costly to m mufacture than marine sextants. 
Designed for use in the air, they serve a useful purpose there, but for ordinary use 
aboard ship they have little to recommend them. 

Altitudes observed by artificial-horizon sextant are subject to the same errors as 
those observed by marine sextant, except that dip (height of eye) correction does not 
apply. Also, when the center of the sun or moon is observed, no correttion for semi- 
diameter should be made. Chapter XVI explains the various sextant altitude corrections 
and their applications. 

Adjustment of an artificial-horizon sextant should not be attempted by other than 
an instrument man qualified to handle the particuiar type instrument involved. An 
exception is the adjus{ment of the size of the bubble. Also, with some instruments 
an easily movable index permits elimination or reduction of index error. This error can 
best be determined in an instrument shop equipped with a collimator. If one is not 
available, the error can be determined by comparing the average of a number of ob- 
servations made at a known point on land with the computed values. A precomputed 
curve of altitude versus time is useful for this purpose. Altitude corrections equal to the 
errors but with reversed sign should be applied to computed altitudes. With normal 
usage, the index error should not change. In most artificial-horizon sextants there is 


no index error. 


The care and operation of various types of instruments vary considerably. The 
instruction booklet provided with each instrument should serve as the guide. 

1514. The spring-driven marine chronometer is a timepiece having a nearly con- 
stant rate. It is used aboard ship to provide accurate time, primarily for timing celestial 
observations for lines of position, and secondarily for setting the ship’s other timepieces. 
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It differs from a watch principally in that it contains a variable lever device to maintain 
even pressure on the mainspring, and a speciai balance designed to compensate for 
temperature varistions. A ship in which celestial navigation is used carries one or more 
chronometers. 

A spring-driven chronomeier is set approximately to Greenwich mean time (GMT) 
and is not reset until the instrument is overhauled and cleaned, usually at three-year 
intervals. Resetting might disturb the rate. Instead, the difference between GMT and 
chronometer time (C) is carefully determined, and applied as a correction to all chro- 
nometer readings. This difference called chronometer error (CE), is ‘fast’ (F) if 
chronometer time is later than GMT, and “slow” (S) if earlier. The amount by which 
chronometer error changes in one day is called chronometer rate, or sometimes daily 
ra.° considered “gaining” or “losing” as the chronometer is running faster or slower 
than the correct rate. An erratic rate indicates a defective instrument, or need for over- 
haul. The methods of determining and applying chronometer error and chronometer 
rate are explained in chapter XVIII. 

A spring-driven chronometer is mounted in gimbals in a box, which should be 
carefully stowed to protect. the instrument from damage due to heavy rolling and 
pitching, vibration, temperature variations, and electrical and magnetic influences. 
Usually this is done by fitting the box snugly into a heavily padded case suitably 
located in the chart room of merchant ships, and below decks, near the center of motion, 
in U.S. Navy ships. 

The principal maintenance requirement aboard ship is regular winding at about. 
the same time each day. Aboard United States naval vessels this is customarily done 
at about 1130 each morning, and reported to the commanding oificer at 1200. Aboard 
merchant ships it is usually wound at about 0800. Although a spring-driven chro- 
nometer is designed to run for more than two days, daily winding helps insure a uniform 
rate, and constitutes a daily routine that decreases the possibility of letting the instru- 
ment run down. On the face of each chronometer is a small dial that indicates the 
number of hours before the chronometer will be run down. To wind the chronometer, 
gently turn the instrument on its side, and slide back the guard covering the keyhole. 
Insert the key and carefully wind in a counterclockwise direction. Seven half-turns 
should suffice. If a chronometer should run down, wait until GM‘ is nearly the same 
as the time indicated before winding. If the chronometer does not start after winding, 
move the case back and forth gently. Check the error and rate carefully. 

At maximum intervals of about three years, a spring-driven chronometer should 
be sent to a good chronometer repair shop for cleaning and overhaul. When transported 
by hand, a chronometer should be clamped in its gimbals and stowed in the large case 
provided. When shipped, it should be allowed to run down, and the balance secured 
by a cork before the chronometer is stored in the large case. 

1515. Quartz crystal marine chronometers are being used as replacements for 
the spring-driven chronometers aboard ships of the U. S. Navy. The accuracy of these 
instruments is such that the time can be read without resort to chronometer rate. Should 
the second hand be in error by a readable amount, it can be reset clectrically. 

The quartz crystal chronometer designed for U.S. Navy use (fig. 1515a) displays 
time using a 24-hour dial. It indicates the day of the week. The chronometer is furnished 
in a case suitable for direct installation in shipboard chronometer lockers or modular 
type chart tables without gimbaling or other special mounting or restraining features. 

The basic element for time generation is a quartz crystal oscillator. The quartz 
crystal is temperature compensated and is hermetically sealed in an evacuated envelope. 
A calibrated adjustment capability is provided to adjust for the aging of the crystal. 
The performance requirements for this chronometer are shown in figure i515b. 
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INSTRUMENTS FOR CELESTIAL NAVIGATION 
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Figure 1515a.—Quartz crystal chronometer. 


i 
7 
The chronometer is designed to operate a minimum of 1 year on a single set of poe 
batteries. A built-in battery test meter is operated by means of a push button. The | 
meter indicates the relative strength of the battery. The dial is marked to indicate the 
point at which the battery should be replaced. The chronometer continues to operate 
and keep the correct time for at least 5 minutes while the batteries are being changed. { 
The chronometer is designed to accommodate the gradual voltage drop during ihe life |- 
of the batteries by which it is powered while maintaining accuracy requirements. iH 
A two-position setting mechanism is provided to set the three hands. One position 
of the mechanism permits the minutes and hours to be set without any movement of 
Zi . the second hand. Return of the mechanism to the other (normal) position results in 
. resumption of the measurement of time. 

Two electrical push buttons are provided for making small corrections in time by 
electrical means. Depression of one button stops the chronometer movement and de- 
pression of the other speeds up the movement. Operation of the push buttons does not . 
upset the synchronization of the minute and second hands. ; 

1516. Watches.—In the interest of accuracy, a spring driven chronometer is not ; 
disturbed more than necessary. Celestial observations are timed and ship’s clocks set by [ 
means of a comparing watch. This is a high-grade pocket watch which is set by compari- ~ 
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Fictre 1515b.—Performance requirements. 


_ son with a chronometer, end then carried to the place where accurate time is needed. For 

celestial navigation, a comparing watch should have a large sweep-second hand which 
can be set. A comparing watch used for timing celestial observations should preferabiy 
be se+ to Greenwich mean time, to avoid the necessity of applying a correction for 
each observation. 

If the second hand cannot be set, the watch should be set to the nearest whole 
minute, being sure that the second hand is in synchronism with the minute hand, and 
the watch error (WE) determined. If a watch is to be used for other purposes than 
timing of celestial observations, it might preferably be set to zone time. A comparing 
watch should be set, ur watch error determined, immediately before or after celestial 
observations are made, to avoid the necessity for determining and epplying a correction 
for watch rate, and to eliminate a possible error due to an inaccurate or variable rate. 
If a watch set to GMT is used for timing celestial observations, care should be taken to 
avoid a possible error of 12 hours or 24 hours. The mental application of zone descrip- 
tion of ship’s time indicates the approximate GMT and the Greenwich date. The 
subject of time is discussed more fully in chapter XVIII. A stop watch may also be 
used for celestial observations. 

1517. Other instruments.—The sextant, chronometer, and comparing watch (or 
stop watch) are the pepe instruments of celestial navigation. The azimuth circle 
for observing azimuths of celestial bodies is discussed in article 629. Plotting equipment 
is the same as that for dead reckoning (arts. 602-606). A flashlight might be needed 
for reading the sextant and the comparing watch. A pocket notebook is desirable 
or recording predicted positions of celestial bodies if a star finder is used, and for 
recording the observations. A workbook is desirable for solving celestial observations 
so that a permanent record is available. Work forms are desirable, but should form 
part of the work book, and not be kept separately. These might be provided by rubber 
stamp, or by printing. In the lutter case a looseleaf work book may be desirable to 
permit arrangement of the various papers in chronological order. 
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CHAPTER XVI 


SEXTANT ALTITUDE CORRECTIONS 
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1691. Need for correction.— Altitudes of celestial bodies, obtained aboard ship for 


the purpose of establishing lines of position, are normally measured by a hand-held 
sextant, described in chapter XV. The uncorrected reading of a sextant after such an 


operation is called sextant altitude (hs). If the sextant is in proper adjustment, certain | 


sources of error are eliminated, as explained in article 1509. There remains, however, | 
a number of sources of error over which the observer has little o: 20 contro}. For each | 
of these he applies a correction. When all of these sextant altitude corrections have | 
been applied, the value obtained is the altitude of the center of the celestial body above , 
the celestial horizon, for an observer at the center of the earth. This value, called ! 
observed altitude (Ho), is compared with the computed altitude (Hc) to find the | 
altitude intercept (a) used in establishing a line of position as explained in chapter | 


XVII. 

Articles 1602-1614 describe the various corrections. For highly accurate results, 
all of these are neede . to the greatest accuracy obtainable. The needs of ordinary 
practical navigation, however, make no such exacting requirements, and in the course 
of his usual day’s work at sea, the navigator has relatively few corrections to apply, 
from conveniently-arranged tables readily accessible to him. The more detailed in- 
formation in chapter VIII of volume II is given to (1) provide the basis far « better 
understanding of the problem, (2) furnish the information needed for evaluation of 
results, and (3) provide a source of referen’e material beyond that given in the usual 
navigation text. 

1602. Instrument correction (I) is the cc ntined correction for nonajustable 
errors (prismatic error, graduation enor, ard centering error; oi the sextant, as ex- 


plained in article 1509. Usually, thi cerrection is determined by the manufacturer, | 
and recorded on a card attached ts the iasiue of the top of the sextant box. It varies | 
with the angle, may be either pos-tive or negative, exd is applied t- all angles measured | 


by that instrument. For a wei: inade instrument, ‘2 maxi:-:um value is so small that 
this correction can be ignored for all except the mc: iccurate work. Normally, 2:stru- 
iment error of artificial-horizon sextants is .o small, considering the precision to which 
angles can be measured by such instruments, that no correction is provided. 

1603. Index correction (IC), due primarily to lack of parallelism cf the horizon 
glass and index mirror at zero reading, is discussed in article 1509. Until the adjustment 


is disturbed, the index correction remains constant for all angles, and is applicable to — 


all angles measured by the instrument. It may be either positive or negative. Normally, 
artificial-horizon sextants do not have index corrections. 

1604. Personal correction (PC) is numerically the same as personal error (art 1507), 
but of opposite sign, either positive or negative. ]f experience indicates the need 
for such a correction, it should be msde to altitudes of the bodies to which it applies. 
However, the ot erver should be sensitive to changes in its value. Unless the observer 
hes sufficient evidence to be sure of the existence and relative constancy of a personal 
error, no correction should be applied. 

1605. Dip (D) of the horizon is the angle by which the visible horizon (art. 1429) 
differs from the horizontal at the eye of the observer (the sensible horizon, art. 1429). 
418 



















































































































































































SEXTANT ALTITUDE CORRECTIONS A19 


Thus, it applies only when the visible horizon is used as a reference, and not when an 
artificia] horizon, either internal or external to the sextant, is used. It applies to ail 
celestial bodies. If the eye of the observer were at the surface of the earth, visible 
and sensible horizons would coincide, and there would be no dip. This is never the 
situation aboard ship, however, and at any height above the surface, the visible horizon 
is normally below the sensible horizon, as shown in figure 16058. Normally, then, an 
altitude measured from the visible herizon is too great, and the correction is negative. 
It increases with greater height of the observer’s eye. Because of this, it is sometimes 
called height of eye correction. 

If there were no atmospheric refraction (art. 1606), dip would be the angle 
between the horizontal at the eye of the observer, and a straight Jine from this point 
tangent to the surface of the carth. With refraction, dip is the angle (Z HAC’ of 
figure 1605b) between the horizontal at the eye of the observer and a straight line 
tangent at the eye of the observer to the curved ray of light from the visible horizon. 


Figure 16035a.—Dip without refraction. Fiaure 1605b.—Dip with refraction. 


The amount by which refraction alters dip varies with changing atmospheric 
conditions. Even the average value has not been established with certainty, and several 
methods of computing dip have been proposed. The vatues given in the critical table 
on the inside front cover of the Newtical Almanac were computed by the equation 


D=0.97Vh 


where D !3 the dip, in minutes of arc; and / is the height of eye of the observer, in feet. 
Part of this table is repeated on the page facing the inside back cover. The Air Almanac 
table was computed independently by a different method, to a precision of whole 
minutes. The minor discrepancies thus intrcduced are not important in practical 
navigation. 

The values given in the table are satisfactory for practical navigation under most 
conditions. An investigation by the Carnegie Institution of ‘Vashington showed that 
’ of 5,000 measurements of dip at sea, no value differed from the tabulated value by 
more than 2/5, except for one difference of 10/6. Extreme values of more than 30’ 
have been reported, and even values of several degrees have been encountered in polar 
regions. Greatest variations from tabulated values can be expected in calm weather, 
with large differences between sea and air temperatures, particuiarly if mirage effects 
are present. Irregularities in the shape of the rising or setting sun may indicate abnor- 
mal conditions. Large variations may also be present shortly after passage of a squall 
line, when errors of as much as 15’ have been reported. When a temperature inversion 
is known to exist, the tabulated dip may be too small, numerica'ly. The effect of sea-air 
temperature difference is discussed in greater detail in chapter VIII of volume II. 




















































































































420 SEXTANT ALTITUDE CORRECTIONS 


In the determination of height of eye, position on the ship should be considered, 
and also the condition of loading and trim. If an observation is made from a position 
differing from the usual place, the altered height of eye should not be overlooked. 
Momentary changes due to rolling and pitching can be neutralized, to a large extent, 


by making observations from a point on the centerline of the vessel, at the axis of pitch. | 


Since variations from normal dip may be one of the principal sources of error in 


celestial observations, the observer should be alert to conditions affecting terrestrial ° 


refraction. Any observation taken within half an hour after passage of a squall line 
should be regarded as unreliable. 

If dip cannot be measured, the effects of abnormal conditions can be minimized 
by observing three bodies differing in azimuth by about 120° (or four bodies by 90°, 
five bodies by 72°, etc.). Ff the error is constant in all directions, its effect is to increase 
(or possibly to decrease) the size of the closed figure formed by the lines of position 
without altering the position of its center. Hence, the size of the figure is not necessarily 
an indication of the accuracy of the fix. 

1606. Refraction (R).—Light, or other radiant energy, is assumed to travel in a 
straight line at uniform speed, if the medium in which it is traveling has uniform 
properties. But if light enters a medium of different properties, particularly if the 
density is different, the speed of light changes somewhat. Light from a single point 
source travels outward in all directions. in an expanding sphere. At great distances, a 
small part of the surface of this sphere can be considered flat, and light continuing to 
emanate from the source can be considered similar to a series of waves, in some re- 
spects resembling the ocean waves encountered at sea. If these light “waves” enter a 
more dense medium, as when they pass from air into water, the speed decreases. If 
the light is traveling in a direction perpendicular to the surface separating the two 
media (in this case vertically downward), all perts of each wave front enter the new 
medium at the same time, and so all parts change speed together, as shown in figure 
1606a. But if the light enters the more dense medium at an oblique angle, as shown in 
figure 1606b, the change in speed occurs progressively along the wave front as the dif- 
ferent parts enter the more dense medium. This results in a change in the direction of 
trevel, as shown. This change in direction of motion is called refraction. If light enters 
a more dense medium, it is refracted toward the normal (A’N’), as in figure 1606b. If it 
enters a tess dense medium, _ s refracted away from the normal, as light traveling in the 
opposite direction to that shown in figure 160¢b. 


ee ae 


Figure 1606a.—No refraction occurs when Ficure 1606b.—A ray entering a denser 
light enters denser medium normal to the medium at an oblique angle is bent toward 
surface. the normal. 
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The amount of the change in direction is directly proportional to the angle between 
the direction of trave! and the normal (angle ABN in figure 1606b). The ratio of this 
angle to the similar angle after refraction takes place (angle CBN’ in figure 1606b) 
is constant, so that as one increases, the other increases at the same rate. Hence, the 
difference between them (the change in direction) also increases at the same rate. 
Therefore, if the incident ray (AB) is nearly parallel to the surface at which refraction 
takes place, relatively large amounts of refraction occur. 

The amount of refraction is also directly proportional to the relative speed of travel 
in the two medias. Various substances are compared by means of a number called the 
index of refraction (4), which depends primarily upon the density of the substance. 
In figure 1606b, angle ABN is called the angle of incidence (¢) and angle CBN’ the 
angle of refraction (6). These are related by Snell’s law, which states that the sines 
of the angle of incidence and angle of refraction are inversely proportional to the indices of 
refraction of the substances in which they occur. Thus, if u; is the index of refraction of the 
substance in which ¢ occurs, and p, is the index of refraction of the substance in which 
@ occurs 

sin b_ M2, 
sin 0 


If the index of refraction changes suddenly, as along the surface separating water 
* and air (as shown in fig. 1606b), the change in direction is equally sudden. However, 
if a ray of light travels through a medium of gradually changing index of refraction, 
its path is curved, undergoing increased refraction as the index of refraction continues 
to change. This is the situation in the earth’s atmosphere, which generally decreases in 
density with increased height. The gradual change of direction occurring there is called 
atmospheric refraction. The bending of a ray of light traveiing from a point on or near 
the surface of the earth, to the eye of the observer, is cailed terrestrial refraction. 
This affects dip of the horizon, as discussed in article 1605. A ray of light entering the 
atmosphere from outside, as from a star, undergoes a similar bending called astronomical 
refraction. 

The effect of astronomical refraction is to make a celestial body appear higher 
in the sky than it otherwise would, as shown in figure 1606c. If a body is in the zenith, 
its light is not refracted, except for a very shyht amount when the various layers of 
the atmosphere are not exactly horizontal. As the zenith distance increases, the re- 
fraction becomes greater. At an altitude of 20° it is about 2/6; at 10°, 5/3; at 5°, 979; 
and at the horizon, 34'5. A table of refraction ?s given on the inside front cover and 
facing page of the Nautical Almanac, in the columns headed “Stars and Planets.” 


Apparent Position 
> 


Actual Position 


Figure 1606c.—Astronomical refraction. 
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As height above the surf +e of the earth increases, light from an outside source travels i 

through less of the atmusphere, and refraction decreases. At shipboard heights the i 

difference is negligible, but at aircraft heights the change is a consideration. Therefore, 
the refraction table given near the back of the Air Almanac is a double-entry table. 

The values given in the tables are for average conditions. This is called mean 

refraction. A considerable amount of research has been conducted to determine the 

mean values, the conditions under which values differ from the mean, and the amount { 

of such differences. A number of different mean refraction tables hava been produced. } 

Values in the various tables differ slightly becuse of different assumptions, different 

methods of observation, and different observed results under apnarently similar con- | 
ditions. This last source of difference is due primarily to the fact that conditons could . 
be determined at the position of the observer, but not at various points along the line ' 
traveled by the ray of light in passing through tne atmosphere. Nevertheless, the 
various tables agree very well down to a minimum altitude of 2°. Below this, the refrac- 
tion is erratic, and differences between values in the various tables are not as important 
as differences between mean and instantaneous values. The values given in the almanac 
tables are in excellent agreement with those actually measured. 

Because of their variability, refraction and dip (also affected by refraction) are 
the principal uncertainties in the accuracy of celectial observations of a careful observer. 
As a result of this uncertainty, navigators formerly avoided all observations below some 
arbitrary altitude, usually 15°. While this is still good practice if higher bodies are 
uvailable, the growing knowledge of atmospheric refraction has increased the confi- 
dence with which navigators can use low-altitude sights. There is little reason for lack 
of confidence in sights as low as 5°. Below this, other available corrections should be 
applied (art. 1626). If altitudes below 2° are usei, larger probable errors should be 
anticipated, even with the use of additional corrections. Generally, the error in tabu- 
lated refraction should not exceed two or three minutes, even at the horizon. However, 
a knowledge of conditions affecting refraction is helpful in determining the confidence 
to be placed in such observ:.tions. Since refracticn elevates both the celestial body snd 
the visible horizon, the error due to abnormal refraction is minimized if the visible 
horizon is used as a reference. : 

The atmosphere contains many irregularities which are erratic in their influence 
upon refraction. Normally, the navigator has not the information’ needed to vorrect 
for such conditions, but only to recognize their existence. He must recugnize that those 
observations made within half an hour after passage of a squall line might be con- 
siderably in error. The passage of any front might have a similar effect. A temperature ; 
inversion (art. 3815) may upsev normal refraction. Abnormal values may be expected — 
when there is a large difference between the temperature of the sea and air. With an 
absence of wind, the air tends to form in layers. When this condition becomes extreme, 
mirage effects occur. Sometimes the rising or setting sun or moon appears distorted. 
Multiple horizons may appear, and other ships or islands ms - seem to float a short 
distance above the water. Under any such conditions large errors in refraction might 


be encountered. 
Conditions causing abnormal refraction can be expected to occur with considerable 
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frequency in the vicinity of the Grand Banks, along the west coast of Africa from s 
Mogador to Cap Blanc and from the Congo to the Cape of Good Hope, in the Red Sea “a 
and the Persian Gulf, and over ice-free water in polar regions. Abnormal refraction “dl 
may be encountered when offshore winds blow from high, snow-covered mountains to : =f 


nearby tropical seas, as along the west coast of South America; where cold water from 
large rivers such as the Mississippi flows into warm sea water; when a strong current 
flows past a bay or coast, causing colder water to be drawn to the surface, as in the Bay 
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of Rio de Janeiro and Santos, and along the Atlantic coast of Africa between Cape 
Palmas and Cape Three Points during the time of the southwest monsoon; and along 
the east coast of Africa in the vicinity of Capo Guardafui during the summer. In the 
temperate zones abnormal refraction is most common during the spring and summer. 

Of the more systematic errors which affect refraction, two can be evaluated, and 
corrections applied. These are for air temperature (art. 1607) and atmospheric pressure 
(art. 1608). However, these corrections are based upon assumed standard gradients 
(changes) with height. 

Since refraction causes celestial bodies to appear elevated in the sky, they are 
above the horizon longer than they otherwise would be. The mean diameter of the 
sun and moon are each about 32’, and horizontal refraction is 34/5. Therefore, the 
entire sun or moon is actually below the visible horizon when the lower limb appears 
tangent to the horizon. The effect of dip is to further increase the time above the horizon. 
Near the horizon the sun and moon appear flattened because of the rapid change of 
refraction with altitude, the lower limb being raised by refraction to a greater extent 
than the upper limb. 

As a correction to sextant altitudes, refraction is negative because it causes the 
measured altitude to be too great. It decreases with increased altitude, and applies to 
ail celestial bodies, regardless of sextant or horizon used. 

1607. Air temperature correction (T).--The Nautical Almanac refraction table is 
based upon an air temperature of 50°F (10°C) at the surface of the earth. At other 
temperatures the refraction differs somewhat, becoming greater at lower temperatures, 
and less at higher temperatures. Table 23 provides the correction to be applied to 
the altitude to correct for this condition. If preferred, this correction can be applied 
with reversed sign to the refraction from the almanac, and a single refraction applied 
tc the altitude. A combined correction for nonstandard air temperature and nonstandard 
atmospheiic pressure (art. 1608) is given on page A4 of the Nautical Almanac. The 
correction for air temperature varies with the temperature of the air and the altitude 
of the celestial body, and applies to al celestial bodies, regardless of the method of 
observation. However, except for extreme temperatures or low altitudes, this correc- 
tion is not usually applied unless results of unusual accuracy are desired. 

1608. Atmospheric pressure correction (B).—The Nautical Almanac refraction 
table is based upon an atmospheric pressure of 29.83 inches of mercury (1010 millibars) 
at sea level. At other pressures the refraction differs, becoming greater as pressure in- 
creases, and smaller as it decreases. Table 24 provides the correction to be applied to 
the altitude for this condition. A combined correction for nonstandard air tempera- 
ture (art. 1607) and nonstandard atmospheric pressure is given on page A4 of the 
Nautical Alr anac. If the correction is to be applied to the refraction, reverse the sign. 
This correction varies with atmospheric pressure and altitude of the celestial body, 
and is applicable to all celestial bodies, regardless of the method of observation. How- 
ever, except for extreme pressures or low altitudes, this correction is not usually applied 
unless results of unusual accuracy are desired. 

1609. Irradiation correction (J)—When a bright surface is observed adjacent to a 
darker one, @ physiological effect in the eye causes the brighter area to appear to be 
larger than is actually the case; conversely, the darker area appears smaller. This is 
called irradiation. Thus, since the sun is considerably brighter than the sky back- 
ground, the sun appears larger than it really is; and when the sky is considerably 
brighter than the water, the horizon appears slightly depressed. The effects on the 
horizon and lower limb of the sun are in the same direction and tend to cancel each 
other while the effect on the upper limb of the sun is in the opporite direction to that 
on the horizon and tends to magnify the effect. 
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424 SEXTANT ALTITUDE CORRECTIONS 


From 1958-1970 a correction of 1/2 was included in the Nautical Almanac data 
for the upper limb of the sun as an average correction for the effect of irradiation. | 
Recent investigations have not supported that average value and have revealed that | 
the magnitude of the effect depends cn the individual observer, the size of the ocular, 
the altitude of the sun, and other variables. In summary, the accuracy of observations 
of the limb of the sun at low altitudes may be affected systematically by irradiation, | 
but the size of the correction is so dependent upon the variables enumerated above ' 
that it is not feasible to include an average correction in the tables. 

1610. Semidiameter (SD) of a celestial body is half the angle, at the observer’s 
eye, subtended by the visible disk of the body. The position of the lower or upper 
limb of the sun or moon with respect to the visible horizon can be judged with greater 
precision than that of the center of the body. For this reason it is customary, when 
using a marine sextant and the visible horizon, to observe one of the limbs of these two 
bodies, and apply a correction for semidiameter. Normally, the lower limb is used if it 
is visible. In the case of a gibbous or crescent moon, however, only the upper limb may 
be available. Semidiameter is shown in figure 1612. 

The semidiameter of the sun varies from a little less than 15/8 early in July, when 
the earth is at its greatest distance from the sun, to nearly 16/3 early in January, when 
the earth is nearest the sun. In the Nautical Almanac the semidiameter of the sun at | 
GMT 12® on the middle day of each page opening of the daily page section is given to | 
the nearest 0/1 at the bottom of the sun’s GHA column. The altitude correction tables 
of the sun, given on the inside front cover and facing page, are divided into two parts, 
to be used during different periods of the year. The mean semidiameter of each period 
is included in the tables of both upper and lower limb corrections. The semidiameter 
each day is listed to the nearest 0701 in the American Ephemeris and Nautical Almanac. 
In the Air Almanac the semidiameter to the nearest 0/1 is given near the lower right- 22 3 
hand corner of each daily page. 

The moon undergoes a similar change in semidiameter as its distance from the 
earth varies. However, because of the greater eccentricity of the moon’s orbit than 
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that of earth, the variation in semidiameter is also greater, varying between about | aan Z 
14°7 and 16/8. The variation is more rapid, partly because of the greater spread of 2 x 
values, but principally because the moon completes its revolution in approximately | *- = 
one month, while the earth makes one revolution per year. In the Nautical Almanac, i % 
semidiameter of the moor at 12" each day is given to the nearest 0/1 at the bottom of ; zg 
the moon data columns. The correction for semidiameter of the moon is included in the . . 
corrections given on the inside back cover and facing page. In the Air Almanac, semi- ' = 
diameter is given to the nearest whole minute, being shown on the daily pages, im- = 


mediately below the value for the sun. The semidiameter at intervals of half a day ; 
is given to the nearest 0701 in the American Ephemeris and Nautical Almanac. : 

The navigational planets have small semidiameters. For Venus it varies between : 
about 5” and 32"; for Mars, 2°7 to 1276; for Jupiter, 16” to 25"; and for Saturn, 7’ 
to 10”. The value for any date is given in the American Ephemeris and Nautical Al- - 
manac, but not in the Nautical Almanac or Air Almanac because the apparent centers 
of these bodies are customarily observed. 

Stars have no measurable semidiameter. 

The computed altitude of a body refers to the center of that body, since the coordi- — 
nates listed in the almanacs are for the center. If the lower limb is observed, the sextant 
altitude is less than the altitude of the center of the body, and hence the ccrrection is 
positive. If the upper limb is observed, the correction is negatize. The correction does not 
apply when the center of the body is observed, which is usually the case when an ,,_ 
artificial-horizon sextant is used. With a marine sextant and either the natural or an = 
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artificial horizon, semidiameter is customarily applied to observations of the sun and 
moon, but not other celestial bodies. 

1611. Phase correction (F).—Because of phase (fig. 1612), the actual centers of 
planets and the moon may differ somewhat from the apparent centers. Average cor- 
rections for this difference are included in the additional corrections for Venus and 
Mars given on the inside front cover of the Nautical Almanac. They should be applied 
only when these bodies are observed during twilight. At other times the magnitude 
and even the sign of the correction might differ from those tabulated, because of a 
different relationship between the body and the horizon. The phase correction for 
navigational planets other than Venus and Mars is too small to be significant. 

A phase correction may apply to observations of the moon if the apparent center 
of the body is observed, as with an artificial-horizon sextant. However, no provision 
is made for a correction in this case; the need for it can be avoided by observing one of 
the Jimbs of the body. 

Phase correction does not apply to observations of the sun or stars. 

1612. Augmentation (A).—As indicated in article 1610, semidiameter changes 
with distance of the celestial body from the observer, becoming greater as the distance 
decreases. The semidiameter given in the ephemeris and used in the almanacs is for a 
fictitious observer at the center of the earth. If the celestial body is on the actual 
observer’s horizon, its distance is approximately the same as from the center of the 
earth; but if the body is in the zenith, its distance is less by about the radius of the 
earth (fig. 1612). Therefore, the semidiameter increases as the altitude becomes greater. 
This inerease is called augmentation. For the moon, the augmentation from horizon to 
zenith is about 0/3 at the mean distance of the moon. At perigee it is about 2” greater, 
and at apogee about 2” less. Augmentation of the sun from horizon to zenith is about 
1/24 of one second of arc. For planets it is correspondingly small, varying with the 
positions of the planets and the earth in their orbits. At any altitude the augmentation 
is equal to the sine of the altitude times the value at the zenith. 

Augmentation increases the size of the semidiameter correction, whether positive 
or negative. It is included in the moon correction tables on the inside back cover and 
facing page of the Nautical Almanac. It is not included in the correction tables of other 
bodies or in the Air Almanac tables 

1613. Parallax (P) is the difference in apparent position of a point as viewed from 
two different places. If a finger is held upright at arm’s length and the right and ieft 
eyes closed alternately, the finger appears to move right and left a short distance. 
Similarly, if one of the nearer stars were observed from the earth and from the sun, 
it would appear to change slightly with respect to the background of more distant. 
stars. This is called heliocentric parallax or stellar parallax. The nearest star has a 
parallax of less than 1”. Even if the value were greater, no correction to sextant altitudes 
would be needed, for the difference would be reflected in the tabulated position of the 
body. 

However, positions of celestial bodies are given relative to the center of the earth, 
while observations are made from its surface. The difference in apparent position from 
these two points is called geocentric parallax. If a body is in the zenith, at Z in figure 
1613, there is virtually no parallax, for the line from the body to the center of the 
earth passes approximately through the observer at A. Suppose, however, the moon is 
at M. From «A it appears to be along the line AM], while at the center of the earth it 
would appear to be along OAZ. The altitude at A would be the angle SAM, and that at 
O the angle COAL. Angle COM is equal to angle SBM, which is exterior to the triangle 
ABM, and hence equal to the sum of angles SAM and AMO. 
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Ficure 1612.—Semidiameter, phase, and augmentation. 
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Figure 1613.—Geocentric parallax. 









: Since 

p ? ZCOM= ZSBM= ZSAM+ ZAMO, 
: then 

ZAMO= ZCOM— ZSAM. 


That is, the angle at the body between lines to the observer and the center of the earth 
is equal to the difference in altitude at the two places. Angle AMO is the geocentric 

ee parallax. Since it varies with altitude, it is sometimes called parallax in altitude (P in A). 
The maximum value for a visible body oveurs when that body is on the horizon, at S. 
At this position the value is called horizontal parallax (HP). 

The sine of horizontal parallax is equal to D where 7 is the radius of the earth, 
and D the distance of the body from the center of the earth. Thus, the sine of the 
horizontal parallax is directly proportional to the radius ef the earth, and inversely 
proportional to the distance of the body. Since the earth is an oblate spheriod, and 
not a sphere, the parallax varies slightly over different parts of the earth. The value 
at the equator, called equatorial horizontal parallax, is greatest, anc the value at the 
peles, called polar horizontal parallax, is least. The difference is not enough to be f 
practical navigational significance. The parallax in altitude is equal almost exactly to 
the horizontal parallax times the cosine of the altitude (h). That is, 





P in A=HP cos h. 


The moon, bei1g nearest the earth, has the greatest parallax of any celestial body 
used for navigation. The equatorial horizontal parallax at mean distance is 57’02°70. 
As the distance of the moon varies, so does the parallax, becoming greater as the moon 
apprcaches closer to the earth, and ‘ess as it recedes, horizontal parallax varying several 
minutes each side of the value at mean distance. For the sun, mean equatorial hori- 
zontal parallax, called solar parallax, is 87794. Differences in position on the earth, and 
distance from the sun, have smal effect. the maximum variation due te the-latter being 
about 0715. Horizental parallaa of the planets varies considerably because of the large 
differences in their distances from the earth. For Venus the value varies between 5” 
and 32’; for Mars, 3” and 24”; for Jupiter, 1” and 2”; and for Seturn, 078 and 1°0. 
The geocentric parallax of stars is too small to be measured, even 'y the most precise : ~~, 
telescopes, since the value for the nearest star is only 0700003. - 
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Daily values of horizontal parallax for the sun, moon, and planets are given in the 
American Ephemeris and Nautical Almanac, to a precision of 0701. In the Nautie 
Almane’ mean values for the sun are included in the two sun correction tables given on 
the inside front cover and facing page. Horizontal parallax of the moon is tabulated at 
intervals of one hour on the daily pages. This value is used to enter the lower part of 
the moon correction tab'es on the inside back cover and facing page. The additional 
corrections for Venus and Mars given on the inside front cover are partly for parallax. 
No correction is given for parallax of Jupiter and Saturn. The Air Almanac gives parallax | 
corrections only for the moon. These values are given in the ‘“Moon’s P in A” column on _ 
each daily page. : 

Because of the geocentric parallax, a body appears too low in the sky. Therefore, . 
the correction is always positive. It applies regardless of the method of observation. 

1614. Summary of corrections.—The essential information regarding the applica- 
tion of the various corrections may be tabulated as shown below. In the “Bodies” 
column, the symbois are: ©, sun; €, moon; P, planets; 4, stars. In the “Sextants” — 
column, M refers to a marine sextant with visible horizon, A refers to a marine sextant ; 
with artificial horizon, and B refers to an artificial-horizon sextant. The tabulation : 
assumes that completely accurate results are desired and that corrections are to be | ° 
made in the usual manner, where they are available. Some of the entries need qualifica- | 
tiea or explanation which may be feund in the preceding articles or chapter VIII of 
vuiume il. 


Pomme HAAR RIAN AANA 


HU Hh Re Ahem 


Correction Symbol Sign Increases with Bodies Sertants Source 


Instrument changing altitude Oo, C,P, M, A,B sextant box 
Index constant M, A,B measurement 
Personal constant M, A,B measurement 
Dip higher height of eye almanacs 
Sea-air temp. diff. greater temp. diff. computation 
Refraction lower altitude almanacs 
Air temp. greater diff. from 50° F almanacs, 
table 23 
Atmospheric greater diff. from 29.83 Nautical 
pressure inches of mercury Almanac, 
table 24 


He OH TET te te 


rh ybxbxbbrbehx} 


Irradiation 
Semidiameter 
Phase 


Hit 4 


lesser dist. from earth i almanacs 
phase P Nautical 
Almanac 
higher altitude € } Nautical 
Almanac 
lower altitude ©, C,P M, . almanacs 


tt 


Augmentation 


{- 


Parallax P 


These ecrrections can be considered to fall into five groups: 

1. Corrections for inaccuracies in reading. Instrument correction, index correction*, 
and personal ccrrection. 

2. Corrections for inaccuracies in reference level. Dip* and sea-air temperature 
difference. 

3. Corrections for bending of ray of light from body. Refraction*, air temperature, 
atmospheric pressure. 

4. Adjustment to equivalent reading at center of body. Irradiation, semidiameter*, 
phase, augmentation. 

5. Adjustment to equivalent reading at center of earth. Parallax*. 

In the ordinary practice of seamen, extreme accuracy is not required, and only 
the principal correction of each group is applied (except that augmentation is applied 
for the moon). These principal! corrections are indicated by asterisks. For low altitudes, 
additional corrections are applied, as indicated in chapter VIII of volume IT. 
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1615. Order of applying corrections.—For purposes of ordinary navigation, sex- 
tant altitudes can be applied in any order desired, using sextant altitude for the enter- 
ing argument whenever altitude is required. This practice is not strictly accurate, but 
for altitudes usually observed, the error thus introduced is too small to be of practica! 
significance. When extreme accuracy is desired, however, or at low altitudes, where 
smi] changes in altitude result in significant changes in correction, the order of apply- 
ing corrections is important. Corrections from the first two groups of articie 1614 are 
applied to sextant altitude (hs) to obtain apparent (rectified) altitude (ha), which is 
then used as an entering argument for obtaining corrections of the third group. For 
strictest accuracy, all corrections of the first three groups and, in addition, irradiation 
and semidiameter, should be applied before augmentation, and all other corrections 
before parallax. 

1616. Marine sextant corrections.—Under normal conditions and when the highest 
accuracy is not required, it is necessary to apply only a feve corrections. Several of these 
corrections may be combined within a single altitude correction table. In addition to 
corrections for index error, dip, and mean refraction, the normal altitude corrections 
when using the Nautical Almanac are: phase and parallax for Venus and Mars; semi- 
diameter and parallax for the sun; and semidiameter, augmentation, and parallax for 
the moon. 

1617. Artificial-horizon corrections.—When an artificial horizon is used, index cor- 
rection (and any others of the first group of article 1614) is first applied. The result 
is then divided by two. Other corrections are then applied to the result, as applicable, 
in the same manne as for observations using the visible horizon. The sun and full 
moon are normally observed by bringing the lower limb of one image tangent to the 
upper limb of the other image. The lower limb is observed if the image seen in the 
horizon mirror is above the image seen in the artificial herizon, unless an ir rting 
telescope is used, when the opposite relationship holds. With a gibbous or crescent 
moon, judgment may be needed to establish the positions of the limbs. In some cases 
better results may be obtained by superimposing one image over the other, as with a 
planet or star. When this is done, the center of the body kas been observed, and no 
correction is applied for semidiameter (or irradiation, phase, or augmentation). There 
is no correction for dip (or sea-air temperature) when an artificial horizon is used. 

1618. Artificial-horizon sextant corrections are the same as those for observations 
made by the use of the visible horizon, with two notable exceptions. First, there is 
no correction for dip (or sea-air temperature difference or wave height). none for semi- 
diameter (or irradiation, phase, or augmentation), and usually none for index correction 
(or instrument correction). Second, because of the lower accuracy normally obtainable 
by artificial-horizon sextant, corrections are normally made only to the nearest whole 
minute of arc. As a result of these differences, refraction is the only correction normally 
applied, except in the case of the moon, where parallax is also applied. 

1619. Corrections by Nautical Almanac.—In the Nautical Almanac, certain cor- 
rections or parts of corrections are combined. Index correction, of course, is not included 
because this depends upon adjustment. of the sextant. The various correction tables are 
as follows: 

“Sun,” on the inside front cover and facing page, gives mean refraction, mean 
semidiameter for each of two per !s during the year, and mean solar parallax. The 
table on the inside front cover, and repeated on the loose bookmark, is of the critical 
type, with altitude as the entering value. Thus, a tabulated correction applies to any 
value of altitude between that given half a line above it and that half a line below it. 
If an exact tabulated altitude is used to enter the table, the correction half a line above 
it should be used. ta ordinary navigation, index correction, dip, and the correction from 
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430 SEXTANT ALTITUDE CORRECTIONS 


this table are needed for correcting marine sextant observations of the sun. For low 
altitudes or extremes of temperature or atmospheric pressure, a correction from the 
table on almanac page A4 (or tables 23 and 24 of volume 11) should be applied. 

“Stars and planets,” on the inside front cover and repeated on the loose bookmark, 
gives mean refraction only, for the main tabulation. This is a critical type table, with | 
altitude as the entering argument. The correction is always negative. In ordinary ° 
navigation. index correction, dip, and the correction from this table are the only ones 
needed for stars and the planets Jupiter and Saturn. For Venus and Mars, an additional 
correction for parallax and phase is given to the right of the main tabulation. The 
entering altitudes are limited to those occuring during twilight. If observations are 
made at other times, this additional correction should not be applied even though the 
altitude may fall within the tabulated range. 


| 
| 
| 
| 
| 


“Dip,” on the inside front cover and repeated on the loose bookmark, is for dip of . 


the horizon. An abbreviated dip table is also given on the page facing the inside back - 
cover. The tables are of the critical type, and the entering argument is the height of the 
observer's eye, in feet and meters, above the surface of the sea. The correction, always 
negative, applies to all observations made with the visible sea horizon as a reference. 

“Additional Correction Tables” for nonstandard conditions, given on almanac page , 
Ad, provides an additional correction for nonstandard temperature and atmospheric 
pressure. The sign of each correction is indicated. Equivalent information is given, with 
increased range of entering values, in tables 23 and 24 of volume II. 

“Altitude Correcticn Tables—A{oon,” on the inside back cover and fecing page, 
gives mean refraction, semidiameter, augmentation, and parallax. The entering argu- 
ment js altitude for the upper portion of the table, and altitude and horizontal parallax 
for the lower portion. The combined correction is always positive, but 30’ is to be 
subtracted from the altitude of the upper limb. In ordinary navigation, index correction, 
dip, and the correction from this table are needed in correcting marine sextant observa- 
tions of the moon. 

The various separate corrections available from the Nautical Almanac can be found 
as follows: 

Dip. Dip table on inside front cover and repeated on loose bookmark, and on the 
page facing the inside back cover. 

Refraction. Mean refraction from “Stars and Planets” table on inside front cover 
and repeated on loose bookmark, and on the facing page. 


Semidiameter. For the sun, the semidiameter for the middle day of each page ! 


opening of this daily page section is given at the bottom of the sun GHA column. For 


the moon, semidiameter for each day is given at the bottom of the moon data columns. ' 


The values given are for GMT 1200 on the dates indicated. 

Parallaz. For the sun, parallax in altitude can be considered 0/1 for altitudes 0° to 
70°07’, and 0/0 for higher altitudes, with negligible error. This is based upon the mean 
value of 87794. For the moon, horizontal parallax cach hour is tabulated on the daily 
pages. Parallax in altitude is this value multiplied by tke cosine of the aititude. 

If artificial-horizon sextant altitudes of the sun or moon are corrected by Nautical 
Almanac, the upper and lower limb corrections can be found and the average computed. 

1620. Corrections by Air Almanac.—In the Air Aimenac, various corrections as 
applicable to hand-held marine sextant obseavations are given separately in critical 
type tables, to the nearest whole minute (nearest two or five minutes of refraction for 
low altitudes), as sollows: 

Dip. Inside back cover. 

Refraction. Near the back. Aboard ship use the values for zero height. 
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Air temperature. Near the back. This is shown, not as a separate correction, but as 
an adjustment to mean refraction. Instructions for use of the tabie are given within the 
table. 

Semidiameter. For the sua and moon, on the A.M. and P.M. pages, below the 
moon’s P in A. Values given are for GMT 1200. 

Parallax. Fcr the moon, in the P in A table on the A.M. and P.M. pages. Hori- 
zontal parallax is the value for 0° altitude. 

1621. Correcting altitudes of the sun.—In the normal practice of navigation, sun 
observations ebtained by marine sextant with the visible horizon as reference are 
corrected as shown in the following examples: 

Example 1—On June 2, 1975, the lower limb of the sun is observed with a marine 
sextant having an IC of (—)2!/0, from a height of eve of 38 feet. The hs is 51°28/4. 
Required —Ho using (1) Nautical Almanae, and (2) sir Almanac. 


Solution .— 

(1) + Q — (2) + Q@ — 
Ic 2/0 Ic 2’ 
D 6/0 D 6’ 
© 15/2 R 1’ 

sum 1572 8/0 SD 16’ 
corr. (--)7/2 sum 16’ 9/ 
hs 51°28/4 corr. (+-)7’ 
Ho 51°35'6 hs 51°28’ 


Ho 51°35’ 


Example 2.--On June 2, 1975, the upper limb of the sun is observed with a marine 
sextant having an IC of (+)1/0, from a height of eve of 45 feet. The hs is 32°47/9. 
Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

(1) + 5 — (2} + 5 - 

IC 140 Ic V’ 
D 615 D 7’ 
5 1773 R 2’ 
sum 1/0 23'S SD 16’ 
corr. (—)22'8 sum 1’ 25’ 
hs 32°47'9 corr. (—)24’ 
Ho 32°25/1 hs 32°48’ 
Ho 32°24’ 


A convenient work form is helpful in the solution. Once the form is prepared, the 
corrections can be entered in any order desired. The symbols @ and 3 are used for 
the corrections from the sun table on the inside front cover of the Nautical Almanac. 
If additional corrections are used, they are included in the same manner as those shown. 
Observations by artificial horizon and by artificial-horizon sextant, end low-altitude 
observations and back sights, are discussed elsewhere in this chapter. 

1622. Correcting altitudes of the moon.—Moon observations by marine sextant with 
the visible horizon as reference are normally corrected as shown in the following 
examples: 

Example 1.—At about GMT 1100 on June 2, 1975, the lower limb of the moon is 
observed with a marine sextant having an IC of (+) 3/2, from a height. of eve of 32 
feet. The hs is 18°04/6. 
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Required.—Ho using (1) Nautical Almanac, and (2) Air Almanae. 





Solution.— 
(1) eee {2) + ¢£ = 
Ic 372 IC 3’ 
D 5!5 D 6’ 
€ 62!5 R 3’ 
L 0/8 SD 15’ 
sum 66/5 5/5 P 51’ 
corr. (-++)1°01/0 sum 69’ 9’ 
hs 18°04/6 corr. (+)60’ 
Ho 19°05/6 hs 18°05’ 
Ho 19°05" 


Example 2.—At about GMT 0900 on June 2, 1975, the upper limb of the moon is , 
observed with a marine sextant having an IC of (—-)1/6, from a height of eye of 70 


feet. The hs is 66°47/3. 
Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

0) + ¢- Q + f- 
IC 1/6 IC 2’ 
D 811 D 8’ 
€ 33/1 R —- 
U 3!2 SD 15’ 

add’! 30°0 P 21’ 
sum 36/3 39!7 sum 21’ 25’ 
corr. (—)3’4 corr. (—)4’ 
hs 66°47/3 hs 66°47’ 
Ho 66°43/9 Ho 66°43’ 


The typical work forms shown are useful in problems of this type. The symbol € 
is used for the correction from the upper part ef the moon correction table on the inside 
back cover, and facing page, of the Nautica’ Almanac. The letters L and U are used 
for the corrections from the lower part of this table. Observations by artificial herizon, _ 
and by artificial-horizon sextant, and low -altitude observations and back sights, are ~ 
discussed elsewhere in this chapter, as are additional corrections for use when unusual 


accuracy is desired. 


1623. Correcting altitudes of planets —When Venus and Mars are ovserved by 
marine sextant using the visible horizon as reference, sextant altitudes are normally 


corrected as shown in the ‘oliowing example: 


Ezample.—On June 19, 1975, Venus is observed with a marine sextant having no 


IC, from a height of eve of 28 feet. The hs is 44°21!3. 
Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 





Solution. — 
(i) + VV - (2) + Vo - 
ics c= 
D 5 5 
yr-P 1/0 R V 
add'l 073 _ sum — 6’ 
sum 073.641 1 corr (—)6’ 
corr. (—j5'8 hs 44°21’ 
hs 44°21 Ho 44° 
Ho 44°15/5 
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For Jupiter and Saturn, no additional correction is given. Correction of observa- 
tions of these bodies is the same as corrections of star observaticns (art. i924). Work 
forms a:e useful. The symbol +x-P is used for the correction take: from the “Star- 
Planet”? table on the inside front cover of the Nautical Almanac. If additional cor- 
rections are to be used, for results of unusual accuracy or low altitudes, they are in- 
cluded in the form in the same manner as those shown. Observations by artificial horizon 
and by artificial-horizon sextant,-and low-altitude observations and back sights are 
discussed eisewhere in this chapter. 

1624. Correcting altitudes of stars—Star observations by marine sextant, using 
the visible horizon as reference, are normally corrected as shown in the following 
example: 

Ezxample.—Miaplacidus is observed with a marine sextant having an IC of (-++)1/0, 
from a height of eye of 50 feet. The hs is 27°54/0. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 
Solution. — 


(1) + * - (2) + *e - 
IC 1/0 IC 1’ 

D 6/9 D 7’ 

w-P 1/8 R Q/ 

sum 1/0 8'7 sum 1’ 9’ 

corr, (—)7!7 corr. (—)8’ 

hs 27 54/0 hs 27°54’ 

Ho 27°46/3 Ho 27°46 





Work forms for such problems are helpful. Additional corrections, used when 
unusual accuracy is desired, are included in the same manner as those shown. Obser- 
vations by artificial horizon and by artificial-horizon sextant, and low-altitude observa- 
tions and back sights, are discussed elsewhere :n this chapter. 

1625. Low altitudes are normally avoided because of large and variahle refraction. 
But sometimes these are the only observations available. This is particularly true in 
polar regions, where the sun may be the only celestial body availabie, and may not 
reach an altitude of more than a few degrees over a considerable period. In lower 
latitudes the sun may appear briefly just before sunset or just after sunrise. Low- 
altitude observations can supply useful information if additional corrections are applied. 
Reliable lines of position can generally be obtained from low-altitude observaticas, 
but when conditions are abnormal, the errors intr duced are generally larger than for 
higher altitudes, and ‘* precautions of article 806 of volume I) should be particularly 
observed. 

In correcting low-altitude observations, which for normal conditions can be defined 
as those less than 5°, first apply corrections from the first two groups of article 1614 to 
obtain apparent alt..ude (ha). Normally, this includes only index correction and dip. 
Then apply the remaining correct: ., using apparent altitude when an altitude is 
needed for entering correction t-' . The corrections normally applied are mean re- 
fraction, air temperature, atm .p..crc pressure, semidiameter (as applicable), and 
parallax (for the sun and moon). 

In pract:ce, sextan* ultitudes are corrected in the usual manner, except that addi- 
tional corrections are applied, and the process is divided into two parts. The use of 
apparent altitude for finding parallax introduces an error but this is too small (less 
than 0/1) for practical consideration. If the Nautical Almanac is used, corrections fe: 
altitudes between the horizon and 10° are given in a noncritical type table on almanav 
page A3. The correction for a negative altitude can be obtained by extrapolation with- 











































































































43¢ SEXTANT ALTITUDE CORRECTIONS 

out introducing a significant error for values »btained at ship heights of eye. A combined 
temperature-atmospheric pressure correction can be olytained from the table on almanac 
page A4. This table is intended for use without interpolation between columns. Separate 
corrections can be obtained from tables 23 and 24 of volume IE, which provide inter- 
polated values for greater accuracy. They also provide greater range of temperature 
and atmospheric pressure. 

To correct a low altitude of the sun, then. apply index correction and dip to sextant 
altitude to find apparent altitude. Using this altitude as an entering value, find the 
following corrections and apply them to apparent altitude: 

sun correction (Q or 3), from page A8 of the Nautical Almanac; 


ete seen eat etaA ae Ata ANN NI tN A NNR ON 


combined temperature-atmospheric pressure correction (TB), from page A4 of : 
the Nautical Almanac (separate corrections for temperature (T) and atmospheric . 


pressure (B) from tables 23 and 24, respectively, can be used in place of the 
combined correction). 


If the Air Almanac is used, the mean refraction and air temperature corrections | 


can be combined by using the factor in the refraction table. A semidiameter correc- 
tion of 16’ is added if the lower limb is observed, and subtracted if the upper limb is 
observed. Since corrections are to whole minutes only, parallax is not used for the 
sun. In summary, apply index correction and dip to sextant altitude to find apparent 


altitude. Using this altitude as an entering value, where needed, apply the following | 


corrections to epparent altitude: . 

refraction (adjusted for air temperature) (R), from table near back of Air Almanac; 

atmospheric pressure (B), from table 24; 

semidiameter (SD), 16’ (add if lower limb, and subtract if upper limb). 

Example 1.—On June 2, 1975, the lower limb of the sun is observed with a marine 
sextant having an IC of (+)1/8 from a height of eye of 45 feet. The hs is 1°24/4, air 
temperature 88°F, and atmospheric pressure 29.78 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 





Solution.— 
(1) + Q —- (2) + Q — (3) + 9 — 

IC 1'8 Ic 1! IC 2’ 

D. 615 D 615 D ie 
sum 1/8 6'5 sum 1/8 6/5 sum 2’ 7’ 
corr. (—)4!7 corr. (—)4!7 corr. (--)5’ 

hs 19244 hs 124.4 hs 1°24" 

ha 191977 ha 1°19/7 ha 1919" 

9 6:0 Q 6/0 R 18” 
TB 2/5 T 115 Bb 
sum 2/5 6/9 B— SD _16’ 
corr. (—)3'5 sum 1/5 6/0 sum 16/ 18’ 

ha___—:1°19/7 corr. (—)4/5 corr. (—)2' 

Ho 1°16/2 ha 1919/7 ha 1°19’ 
Ho 1°15/72 Ho 1°17’ 


Tho larger intervals given in the Air Almanac refraction table may introduce 
additional error. In this exemple, the temperature is changed to Celsius (centigrade), 
giving a value of 31°. The factor at a height of 0 feet corresponding to this temperature 
is 0.9. With this and the apparent altitude, the combined refraction and air tempera- 
ture correction is found to be as shown. Approximately the same result would have 
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SEXTANT ALTITUDE CORRECTIONS 


been obtained by correcting for mean refraction (without the factor) and temperature 
(from table 23) separately. 

If the moment at which either limb is tangent to the horizon is noted, an ob- 
servation of 0° altitude has been made without a sextant. 

Example 2—On June 2, 1975, the sun is observed at sunset as the upper limb 
drops below the horizon, from a height of eye of 38 feet. The air temperature is (~)10° F, 
and atmospheric pressure 30.06 inches. Double extrapolation would be needed to solve 
this problem by the Nautical Almanac. A better solution is provided by means of tables 
23 and 24. 

Required.—Ho using (1) tables 23 and 24, and (2) Air Almanac. 

Secition.— 





























Oy |. GS (2) +5 - 
Ic — - Ic — _ 
D 6/0 D 6’ 
2 sum — 6/6 sum 6’ 
corr. (—)8/0 corr. (—)6’ 
hs ___0°00°0 hs 0°00’ 
ha (—)0°06/0 ha (—)0°06’ 
5 5115 R 42’ 
Tt 4/8 B — 
B 0/3 SD 16’ 
sum — 56:6 sum —_ 58’ 
corr. (—)56‘6 corr. (—)58’ 
ha (—}0°06/0 ha (—)0°06’ 
Ho (—)1°02‘6 Ho (—)1°04’ 


Corrections are applied algebraically. Therefore, for negative altitudes a negative 
correction is numerically added, end a positive correction is numerwa!ly subtracted. 
To correct low altitudes of the moon, apply index correction and dip to sextant 
altitude to find apparent altitude. Using this altitude as an entering value, find the 
following corrections and apply them to apparent altitudes: 
moon correction (€), from inside back cover, and facing page, of Nautical Almanac; 
lower or upper limb correction (L or U), from inside back cover, and facing page, 
of Nautical Almanac; 
additional correction (add’l, (—)30’, for upper limb observation only); 
combined temperature-atmospheric pressure correction (TB), from page A4 of the 
Nautical Almunuc (ovpirete corrections for temperature (T) and atmospheric 
pressure (B) from tables 23 and 24, respectiveiy, vin be nsed in place of the 
combined correction). 
‘ If the Air Almanac is used, correct the apparent altitude by applying the following 
corrections: 
refraction (adjusted for air temperature) ‘R), from table near back of dir 
Almanac: 
atmospheric pressure (B), from iabls 24; 
semidiameter, from daily page; 
parellax, from daily page. 
Example 8.—At GMT 17°14"27* on June 2, 1975, the upper limb of the moon 1s 
observed with a marine sextant having no IC, from a height of eye of 33 feet. The hs is 
2°35'4, air temperature 63° F, and atmospheric pressure 29.81 inches. 
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Required—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 


me 
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Almanac. 

a Solution.— 

Ee (1) + € - (2) + ¢€ - (3) + € —- 

= Ic — — Ic = - Ic — a 

a D 5/6 D 5! D 6" 

Ee sum — 5/6 sum — 5/6 sum — 6’ 

corr. ( -)5'6 corr. (—)5‘6 corr. (—)6’ 

E hs 2°35'4 hs 2°35/4 hs 9°35! a 
ha 2°2978 ha 2°29'8 ha 2°29" a 
Ee | 
; € 5241 € 52/1 R 16’ a 
U 1 U1 B~ Ee 
By add’! 30/0 add'l 30/0 SD 15’ _ 
fe TB 0/4 T 0f4 P 54’ 

Ee sum 53/6 3020 B sum 54? 31° 

corr. (4)23'6 sum 53°6 30.0 corr. (-4)23" 

3 ha 2°29'8 corr. (+)2376 ha 2°29! 

23 Ho 2°53/4 ha 2°29/8 Ho 2°52’ 


3 ; Ho 2°5374 i 

A lower limb solution would be the same, except that an L correctic- would have . 
been used from the Nautical Almanac and there would be no “add’l” correction, and es 
in the Air Almanac solution the sign of the semidiameter correction would be reversed. : 
The moon correction table on the inside back cover, and facing page, of the Nautical e072 
Almanac extends to a minimum altitude of 0°. The corrections for negative altitudes 
can be found by extrapolation. 

To correct low altitudes of the planets Venus and Mars, apply index correction 
and dip to sextant altitude to find apparent altitude. Using this altitude as an entering 
valuc, find the following corrections and apply them to apparent altitude: 

star-planet correction (%x-P), from page A$ of the Nautical Almanac; ; 

additional correction (add’l), from page A2 of the Nautical Almanac; os 

combined temperature-atmospheric pressure correction (TB), from page A4 of 
the Nautical Almanac (separate corrections for temperature (T) and atmospheric ; 
pressure (B) from tables 23 and 24, respectively, can be used in place of the com- iS 2 
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bined correction). 
If the Air Almanac is used, correct the apparent altitude by applying the following 
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E arte corrections: 

refraction (adjusted for air temperature) (R), from table near back of Az 

’ Almanac; 
= 4 atmospheric pressure (B), from table 24. | 
Fe te. : Example 4.—On November 28, 1975, Mars is observed with a marine sextant having 
an IC of (+)3'5, from a height of eye of 17 feet. The hs is 4°02‘6, air temperature 


2°F, and atmospheric pressure 29.67 inches. 
Required—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (8) Arr he. 


Almanac. 
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SEXTANT ALTITUDE CORRECTIONS 437 


Solution.— 
(4) + M — (2) + M — (3) + M — 

IC 3/5 IC 35 IC 4’ 

D 4/0 D_ 4!0 D 4! 
sum 3/5 4/0 sum 3/5 4'0 sum 4! 4’ 
corr. (—)0°5 corr. (—)0'5 corr. — 

hs 4°02'6 hs 4°02'6 hs 4°03’ 

ha 4°02/1 ha 4°02/1 ha 4°03’ 
¥r-P 11/7 +¥x-P 11/7 R 14’ 
add'l 0/3 add’l 0/3 B- 

TB 5 T 1/2 sum — 14’ 
sum 0/3 13/2 B 041 corr. (—)14’ 
corr. (—)12/9 sum 0/4 = 1279 ha 4°03’ 

5 ha 4°02/1 corr.  (—)12'5 Ho 3°49’ 
: Heo 3°49/2 ha 40211 - 
Ho 3°49/9 


The solution for Jupiter and Saturn, and for stars, is identical with that of example 

_ 4, except that the additional correction (phase and parailax) is omitted. 

: 1626. Back sights.—An altitude measured by facing away from the celestial body 
being observed is called a back sight. It may be used when an obstruction, such as 
another vessel, obscures the horizon under the body; when that horizon is indistinct; 
or when observations are made in both directions, either to determine dip or to avoid 
error due to suspected abnormal dip. Such an observation is possible only when the 
arc of the sextant is sufficiently long to permit measurement of the angle, which is 
the supplement of the altitude. For such an observation ef the sun or moon, the lower 
limb is observed when the image is brought below the horizon, appearing as a normal 
upper limb observation, and vice versa. To correct such an altitude, subtract it from 
180° and reverse the sign of corrections of the first two groups of article 1614 (normally 
only index correction and dip). 

Example.—On June 2, 1975, a back sight is taken of the lower limb of the sun, 
with a marine sextant having an IC of (—)2‘0, from a height of eye of 24 feet. The 
measured sextant altitude is 118°41/4. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 
(1) + 9 — (2) " + 9 - 
IC 2/0 IC 2’ 
D 4's . D 35’ 
ai Q 154 R i’ 
sum 22/2 _ SD 16’ 
corr. (-£)22/2 sum 237 1’ 
180°—hs 619186 corr. (+)22' 
Ho 61°40/8 180°—hs 61°19" 


Ho 61°41’ 
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SEXTANT ALTITUDE CORRECTIONS 


1627. Correcting horizontal angles—-When a marine sextant is used to measure 
the horizontal angle between two objects, the result is not usually desired to s precision 
that makes correction necessary, unless the sextant has an unusually large index error. 
However, if precise results are desired, corrections of the first group only of article 
1614 are applied. If a personal error exists, it is not likely to be the same as for altitudes. 
For measuring angles between two ojects differing widely in altitude, as between two 
stars, it is not likely that results will be required to such precision that additional 
correction for the third, fourth, and fifth groups of article 1614 will be needed. If they 
are, the method of application can be determined from the principles of spherical 
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trigonometry. In this case, the altitudes of both bodies will also be needed. Corrections | 


for the second group of article 1614 are not applicable. 


Problems 


1617a. At about GMT 0800 on June 2, 1975, the following bodies are observed ; 


with marine sextants having an IC of (+-)2/2, using an artificial horizon: sun (lower | 


limb) hs 134°33'9, moon (upper limb) hs 77°23/4, Venus hs 98°04/6, Schedar hs 
43°24'4, 


Reguired—Ho of cach observation using (1) Nautical Almanac, and (2) Air | 


Almanac. 

Answers.—(1) Sun Ho 67°33/6, moon Ho 39°09/1, Venus Ho 49°026, Schedar 
Ho 21°40/9; (2) sun Ho 67°34’, moon Ho 39°09’, Venus Ho 49°03’, Schedar Ho 21°41’. 

1617b. At about GMT 0300 on June 2, 1975, the following bodies are observed with 
bubble sextants having no IC: sun hs 23°51’, moon hs 52°20’, Jupiter hs 63°18’, 
Eltanin hs 24°45’. 

Required—Ho of each observation using (1) Nautical Almanac, and (2) Air 
Almanac. 

Answers.—(1) and (2) Sun Ho 23°49’, moon Ho 52°52’, Jupiter Ho 63°18’, Eltanin 
Ho 24°43’. 

1621a. On June 2, 1975, the lower limb of the sun is observed with a marine sextant 
having an IC of (+)1/8, from a height of eye of 34 feet. The hs is 41°34/8. 

Required—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

«Inswers—(1) Ho 41°45/8; (2) Ho 41°46’. 

1621b. On June 2, 1975, the upper limb of the sun is obset .ed with a marine sextant 
having no IC, from a height of eye of 30 feet. The hs is 15°£1/7. 

Required.—Ho using (1) Nautical Almanac, and (2) Ai Almanac. 

Answers.—(1) Ho 14°57!1; (2) Ho 14°57’. 

1621c. On June 2, 1975, the lower limb of the sun is observed with a marine sextant 
having an IC of (—)1/3, from a height of eye of 43 feet. Another ship is between the 
observer and the horizon, at a distance of 1.4 miles from the observer. The water line 
of this ship is used as the horizontal reference. The hs is 25°18/2. 

Required —Ho using table 22 and (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 25°12/9; (2) Ho 25°13’. 

1622a. At about GMT 2100 on June 2, 1975, the lower limb of the moon is observed 
with a marine sextant having an IC of (—)2/5, from a height of eye of 55 feet. The 
hs is 47°35/5. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 48°16/3; (2) Ho 48°16’. 

1622b. At about GMT 2300 on June 2, 1975, the upper limb of the moon is observed 
with a marine sextant having an IC of (+)4!0, from a height of eye of 12 feet. The 
hs is 22°58/3., 
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SEXTANT ALTITUDE CORRECTIONS 439 


Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 
Answers.—(1) Ho 23°31/8; (2) Ho 23°32’. 
1628a. On June 18, 1975, Mars is observed with a marine sextant having an IC of 
(+-)2'2, from a height of eye of 69 feet. The hs is 34°11/7. 
Reqvired.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 
Answers.—(1) Ho 34°05/1; (2) Ho 34°05’. 
1623b. Jupiter is observed with a marine sextant having an IC of (—)1/0, from a 
height of eye of 27 feet. ‘the hs is 1192379. 
Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 
Answers.—(1) Ho 11°13/2; (2) Ho 11°13’. 
1624, Alpheratz is observed with a marine sextant having no IC, from a height of 
eyo of 42 feet. The hs is 38°20/3. 
Required.—Ho using (1) Nautica! Almanae, and (2) Air Almanac. 
Answers.—(1) Ho 38°12/8: (2) Ho 38°13’. 
1625a. On June 2, 1975, the lower limb of the sun . : observed with a marine sextant 
having an IC of (—)2/3, from a height of eye of 24 feet. The hs is 2°04/6, air tempera- 
ture 65°F, and atmospheric pressure 30.81 inches. 
Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 
Alnswers.—(1) Ho 1°55!1; (2) Ho !°55/1; (3) Ho 1°55’. 
1625b. On July 2, 1975, the sun is observed as the upper limb drops below the 
" horizon at sunset, from a height of eye of 19 feet. The air temperature is 16°F, and 
, atmospheric pressure 29.90 inches. 
Required.—Ho using (1) Nautical Almanac, (2) tubies 23 and 24, and (3) Air 
~ Almanac. 
Answers.—(1) Ho (—)0°59/9, (2) Ho (—)0°57’8; (3) Ho (—)0°58’. 
1625c. At GMT 6°03"29° on June 2, 1975, the upper limb of the moon is observed 
with a marine sextant having an IC of (+)2/6, from a height of eye ur 35 feet. The 
- hs is 1912/6, air temperature (—)23°¥, and atmospheric pressure 29.04 inches. 
Required.—Ho using (1) tables 23 and 24, and (2) Air Almanae. 
Answers.—(1) Ho 1°22'3; (2) Ho 1°20’. 
1625d. At GMT 12>44701* on June 2, 1975, the lower limb of the moon is observed 
with a marine sextant having an IC of (+-)3/2, from a height of eye of 22 feet. The 
hs is 0°24/4, air temperature 40°F, and atmospheric pressure 29.94 inches. 
, Required—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 
Answers.—(1) Ho 1901/2; (2) Ho 1°01/5; (3) Ho 0°58’. 
1625e. On January 19, 1975, Venus is observed with a marine sextant having an 
IC of (—)0°5, from a height of eye of 31 feet. The hs is 3°29/8, air temperature 55°F, 
and atmospheric pressure 30.15 inches. 
Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 
Answers.—(1) Ho 3°10/7; (2) Ho 3°107; (3) Ho 3°10’. 
1625f. Saturn is observed with a inarine sextant having an IC of (—}2!3, from a 
height of eye of 37 feet. The hs is +°39/2, air temperature 76°F, and atmospheric 
pressure 28.89 inches. 
Required—Ho using (1) Nauticat Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 
Answers.—(1) Ho 4°21/1; (2) Ho 4°2171; (3) Ho 4°21’. 
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440 SEXTANT ALTITUDE CORRECTIONS 


1625g. Gienah is observed with a marine sextant having ne IC, from a height of = 
eye of 44 feet. The hs is 2°46/1, air temperature 35°F, and atmospheric pressure 29.92 "3 
inches. i Bo 

Required—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air | 
Almanac. 

Answers.—(1} Ho 2°23/4; (2) Ho 2936/6; (3) Ho 2°21’. " 

1626. On June 2, 1975, a back sight is taken of the lower limb of the sun, with a 
n. ..ine sextant having an IC of (+)1/7, from a height of eye of 49 feet. The measured 
sextant altitude is 141°04/9. 

Required.—Ho using (1) Nautical Almanae, and (2) Air Almanac. 

Answers.—(1) Ho 39°15/0; (2) Ho 39°15’. 

1627. The horizontal angle between two objects is measured with a marine sextant 
having an IC of (+)4/0. The measured angle is 85°14/6. 

Required.—Corrected angle. 

Answer.—Corrected angle 85°18/6. 
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CHAPTER XVII 
LINES OF POSITION FROM CELESTIAL OBSERVATIONS 


1701. Circles of equal altitude——For every point on the earth there is a zenith 
(art. 1426) vertically overhead on the celestial sphere (art. 1403). Likewise, every point 
on the celestial sphere is vertically over some terrestrial point, called its geographical 
position (GP). However, since the earth rotates on its axis, causing apparent rotation 
of the celestial sphere, the GP of any point on the celestial sphere is continually moving 
to the westward, at the rate of about 15° per hour. If a celestial body is changing its 
apparent position on the celestial sphere, this motion is added to that caused by rotation, 
so that the rates of motion of the GP’s of various bodies differ slightly. Further, this 
motion may not be exactly westward, having a small northerly or southerly component 
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Figure 1701a.—Circles of equal altitude. 








































































































































































































442 LINES OF POSITION FROM CELESTIAL OBSERVATIONS 


as the body changes declination, due either to its own proper motion or precession of 
the equinoxes (art. 1419), or a combination of the two. 
At any moment the declination of a celestial body is equal to the latitude of its 
GP. The Greenwich hour angle (GHA) of the body, if not greater than 180°, is equal 
to the longitude (west) of the GP. If the GHA is greater than 180°, its explement | 
(360°—GHA) is equal to the longitude (east). Thus, if it is established that a body of | 
known coordinates is in the zenith of an observer, the position of the observer is known. |. 
However, for the celestial bodies used in navigation, this condition rarely occurs for any 
individual observer, and is difficult to determine when it does occur. i 
More commonly, the altitude (art. 1430) is measured, and from this the zenith | 
distance (art. 1480) can be determined. This value defines a circle on the earth, as: 
shown in figures 1701a and 1701b. Thus, if the observer is one mile from the GP, in any : 
direction, he is 1’ from it, and his zenith is i’ from the celestial body. Anywhere on a } 
circle of one mile (1’) radius, with the GP as the center, the zenith distance is 1’. | 
Similarly, if the zenith distance is 10°, the observer may be anywhere on a circle (as- ' 
suming a spherical earth) of radius 1060=600 miles, with the GP as the center. If 
the zenith distance is 30°, the radius is 1,800 miles; if 60°, the radius is 3,600 miles; 
and if 90° (body on the celestial horizon), the radius is 5,400 miles. This is a great circle 
dividing the earth into two hemispheres. Anywhere within that hemisphere having 
the GP as its center the celestial body is above the celestial horizon. Anywhere within 
the opposite hemisphere the body is below the celestial horizon. 
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Fictre 1701c.—Intersections of two circles of 
equal altitude. 


Figure 1701b.—Circles of equal altitude. 
These circles of equal altitude are circles of position, or circular lines of position. 
Two such circles for different celestial bodies, or for the same body at different times, 
may intersect at two points, as shown in figure 1701c. If these circles have radii equal . 
to the zenith distances at the observer, the position of the observer is established : 
at one of the two intersections, Normally, these intersections are separated by such 
great distances that no question arises as to which represents the position of the ob- 
server. However, unt ‘rtainty can be removed if additional altitude circles can be estab- 
lished by observati« : vf other celestial bodies. It would be a rare coincidence for a 
third such circle to pass through both intersections of the first two. The third observa- 
tion also serves as a check on the accuracy of the first two. The ambiguity might also 
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LINES OF POSITION FROM CELESTIAL OBSERVATIONS 443 


-be resolved by noting the azimuth of either or both of the bodies, for the azimuth should 
be in the same direction as the radius of the circle of position, measured at the inter- 
section. 

1702. Utilizing circles of equa! altitude—-For most altitudes conveniently ob- 
served, the pletting of circles of equal altitude involves certain difficulties. Because 
of the Jong radii of such circles, a chart of very small scale would be needed, and vir- 
tually any chart distortion would introduce some error, unless an azirauthal projection 
(art. 316) centered upon the GP were used, an impractical procedure with a moving 
GP for each body. The appearance of two circles of equal altitude plotted on a Mercator 
chart is shown in figure 1702. 


Figure 1702.—Circles of equal altitude on a Mercator chart. 


It has been suggested that the second difficulty, that of distortion, might be over- 
come by plotting directly on a sphere, using equipment designed for this purpose. 
While theoretically sound, this procedure does not. overcome the first difficulty, that 
of scale, and has net proved practical. A variation of this has been the use of movable 
ares, by which a small-scale model of one or more navigational triangles (art. 1433) is 
mechanically produced. The coordinates are carefully measured by means of sliding 
indices controlled by verniers or micrometers. Another variation has been a graphical 
solution based upon the drawing of a diagram according to any of various principles. 
Although a number of mechsnical and graphical solutions have been devised, and some 
have proved practical (ch. XXJ), none has been generally accepted as superior to the 
commonly used tabular m-thsds of solution. 
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However, as the altitude of a body increases, reducing the zenith distance, both j 
distortion and scale difficulties decrease. Also, on a Mercator chart, they decrease | 
as the GP approaches the equator. The observation of a celestial body near the zenith | 
is difficult, but in the case of the sun no alternative may be available near noon in the! 
Tropics. Such a situation does provide an easy solution and may permit obteining of ! 
a fix from two observations of the same body, with only a few minutes between ob- 
servations. This solution is discussed further in article 2611. 

1703. The line of position. —For zenith distances too great to plot conveniently, 
a line of position can be laid down in another manner. 

The altitude of a celestial body may be measured. After appropriate corrections 
are applied, this is called observed altitude (Ho). For the instant of observation, the 
altitude and azimuth at some convenient assumed position (AP) near the actual posi- 
tion of the observer are determined by calculation or equivalent process. The differ- 
ence between this computed altitude (Hc) and Ho is the altitude intercept (a), some- 
times called altitude difference. Since a is the difference in altitude at the assumed 
and actual positions, it is also the difference in zenith distance, and therefore the 
difference in radii of the circles of equal altitude at the two places. The position having | 
the greater altitude is on the circle of smaller radius, and hence is closer to the GP of | 
the body. In figure 1703a the AP is shown on the inner circle. Hence, He is greater | i 
than Ho. 

The line of pesition can be plotted by using the altitude intercept portion of the: 
information of figure 1703a, as shown in figure 1703b. First, the AP is plotted. The i 
circle of equal altitude through this position is not needed, and is not plotted. From the 
AP the azimuth line is measured toward or away from the GP as appropriate, and the 
altitude intercept is measured along this line. At the point thus lccated, a line is drawn 
perpendicular to the azimuth line. For several miles on each side of the azimuth line, 
this perpendicular can be considered part of the circle of position through the observer, 
as shown in figure 1703a. This perpendicular is the line of position. It is labeled with 
the time of observation above the line, and the name of the celestial body below the : 
line, as shown in figure 1703b. ae ed 
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from a celestial observation. observation of the star Capella at 0643. ~- 
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For neatness of plot the azimuth line should not be extended beyond the line of 
pusition for the AP, unless it is extended a short distance in the direction of the body, 
and the symbol of the body observed is shown to indicate whether a “toward” or 
“away” observation. This method is used in the examples of Pub. No. 229. Some 
navigators may omit the azimuth line, showing only the AP and line of position, and 
using a straightedge as a guide for the dividers in measuring the altitude difference. 
This is good practice, for it reduces the number of lines on the plotting sheet, and there- 
fore mi*-.mizes the possibility of making an error. However, until one gains confidence 
in plot ing lines of position, it is desirable to show the azimuth line. 

Fer plotting a line of position from a celestial observation, then, only the assumed 
position, altitude intercept (with an indication of which altitude is greater), and azimuth 
are needed. 

The assumed position is chosen somewhat arbitrarily. It may be the dead reck- 
oning position, an estimated position, or any arbitrarily chosen position nearby. Most 
commonly, however, the assumed latitude (aL) is taken as the nearest whole degree 
of latitude to the DR or EP; and the assumed longitude (ad) is selected so that the 
local hour angle is a whole degree. The location of the line of position is independent 
of the location of the AP (within reasonable limits), assuming only that the altitude 
intercept is measured from the AP used for determining Hc. That is, each AP has its 

‘ own altitude intercept, depending upon its distance from the line of position. 

The altitude intercept, the numerical difference between He and Ho, is customarily 
expressed in nautical miles (minutes of arc), and labeled T or A to indicate whether 
the line of position is toward or away from the GP, as measured from the AP: 


He 37°51°6 He 61°57°3 


Ho 54 °43/9 Ho 62°12!7 
a 7.7A a 15. 4T 


The azimuth is customarily determined by computaiion or table at the time of 
determining He. 

This method of plotting a line of position from a celestial observation was suggested 
by Marcq St.-Hilaire (art. 2108), and generally bears his name. It is used almost 
universally by modern navigators. The method is based upon knowledge of one point 
on the line, and the direction of the line. Another method of utilizing the same principle 
is to assume the latitude and compute the longitude at which the line of position 
crosses that parallel (the time sight method, art. 2106), or vice versa. When this method 
is used, the azimuth is customarily found separately, from a table or graph. A third 
method is to compute two points on the line of position and draw a straight line through. 
them. This line is a chord, rather than a tangent, of the circle of position, but in most 
cases the difference is negligible. This third method was that originally proposed by 
Captain Thomas H. Sumner (art. 131), and for this reason the resulting line of position 
is sometimes called a Sumner line, although the expression may be applied to any 
line of position resulting from celestial observation. 

When celestial navigation is used, plotting is generally dune on plotting sheets (art. 
323) published by the Defense Mapping Agency Hydrographic Center. These are less 
expensive than cherts, and the absence of detai! eliminates a possible source of confusion 
and error. 

1704. Using lines of position from celestial cbservations.—Like any other line of 
position, one resulting from a celestial observation does not pinpoint the position of 
the craft, but may provide all the information needed to insure safety of the vessel. 
The selection of a celestial body and the time of observation to provide the desired 
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information is based upon the fact that the line of position is perpendicular to the: 
azimuth line. If the celestial body is on or near the celestial meridian, the line of position 7 
is a latitude line, indicating the latitude at the time of observation, sometimes called § 
the observed latitude. Similarly, a body on or near the prime vertical provides a longi- 
tude line, indicating the observed longitude. One ahead or astern provides a speed 
line, since the line of position is perpendicular to the course, and hence is an indica~ 
tion of the speed made good since the last speed line or fix. Similarly, e body on the | 
beam provides a course line which indicates to what extent the course is being made * 
good. If the azimuth line is perpendicular to a coastline, shoal, or other hazard, the‘ 
line of position indicates the distance of the vessel from the danger. Passage parallel 
to such a danger, or between two of them, might be made safely by means of a series 
of observations of a body on the beam during passage, without fixing the position of 
the vessel. This problem might be simplified by precomputing the sextant altitude at 
intervals during passage, and plotting this versus time on cross-section paper, so that 
sextant altitudes can be compared immediately with the values taken from the curve 
to determine any deviation from the desired track. In a perpendicular approach to a 
coast, the point at which landfall will be made can be predicted with considerable 
accuracy if a body having an azimuth parallel to the beach is observed. 

During twilight, with clear skies, the selection of a celestial body to provide desired | 


information is simply a matter of choosing the body with azimuth nearest that de-§ 
sired, remembering that bodies having azimuths differing by 180° should provide the} 


and a better onc than two observations of the same body, or observations of two bodies 





same line of position. Observation of bodies in opposite directions provides a check, | 


having neariy the same azimuth, for any constant error in the observations, such as 


might be caused by atnormal dip, can be eliminated by observing bodies on opposite i 7 


azimuths and using a line midway between the two plotted lines of position. 

When a limited number of bodies is available for a considerable period, as during 
daylight, the besi time to make an observation to obtain a line of position in a desired 
direction can be determined by means of an azimuth table or diagram, or an inspection 
table such as Pub. No. 229. The azimuth is located, and the corresponding local hour 
angle is recorded. The local hour angle can then be converted to GHA, and the time 
at which this GHA occurs can be determined from the almanac (art. 2104). 

Lines of position can be used for determining an estimate? position (art. 1705), or 
they can be advanced or retired (art. 1706) to obtain a fix (art. 1707) or running fix 
(art. 1708). If a single body is available for observation, increased accuracy can usually 
be obtained by making three or mere observations, adjusting : ll lines to a common 
time (art. 1706), and using either the middle line, or the average position of all lines. 

1705. Estimated position.—As indicated in chapter VIII, a dead reckoning (DR) 
position is determined by advancing a known position for courses and distances. In 
the absence of additional informaticn, the DR position is the best estimate of the posi- 
tion of the vessel. However, the expression estimated position (EP) is generally applied 
to cne determined by using additional but inconclusive information. If the effects 
of wind and current can be estimated, and these effects have not been considered in 
establishing the DR position, they can be applied separately to establish an EP. As 
each additionaj item of information is received, an improved estimate might be made. 

A single line of position can be useful in establishing an estimated position. If an 
accurate line is obtained, the actual position is somewhere on this line. In the absenca 
of better information, a perpendicular from the previous DR position or EP to the line 
of position establishes the new EPs shown in figure 1705a. The foot of the perpen- 


dicular from tie AD has no significance in this regard, since it is used only to locate the | 
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line of position. 
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The establishment of a goon EP is dependent upon accurate interpretacion of al) 
information available. Generally, such ability can be acquired only by experience. If, 
in che judgment of the navigator or captain, the course has been made good, but the 
speed has been uncertain, the best estimate of the position might be at the intersection 
of the course line and the line of position, as shown in figure 1705b. If the speed since 
the last fix is considered accurate, but the course is considered uncertain, the EP might 
be at the intersection of the line of position and an arc centered on the previous fix 
and of radius equal to distance traveled, as shown in figure 1705c. 

More often, neither course nor speed is known to be entirely accurate, but if one 
is considered more accurate than the other, the EP may be located accordingly. Even 
the tine of position might properly be considered of questionable accuracy, and some 
estimate of its reliability established. Figure 1705d shows an EP that might be es- 
tablish ¢ by considering the line of position of greatest but incomplete accuracy, 
the spee! of secondary accuracy, and the course as least accurate. 

The expression most probable position (MPP) is sometimes used as the equivalent 
of estimated position. However, the former is of somewhat broader application, since 
it may apply equaily well to establishment. of the fix when more than two lines of posi- 
tion are available. 


EP after observation of sun 
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EF before ovservation of sun. ——>~ © ye39 
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Freurs 1705a.—Estimated positions before and after observation of the sun for a line of position, 
allowing for current. 
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Figure 1705b.~-An estimated position wren the Fieure 1705¢e.—An estimated position when 
course and 4 line of positicn are considered the speed ania line of position are considered 
accurate. accurate, 
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Frieaure 1705d.—An estimated position when a line of pos:tion is considered of first accuracy, speed 
of second accuracy, and course of third accuracy. 
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1706. Advancing and retiring lines of position For a stationary observer, lines! 
of position resulting from observetions made at different times are eque'ly applicable 
without adjustment. However, for a moving observer, as one aboard a vassel underw ay} 
at sea, any line of position (except ®. course line) applies only to the position at the time! 
of observation. If lines resulting from observations mede at different times are to be| 
utilized for determining position, they should be adjusted for the motion of the observer 
between observations. 

A line of position resulting from observation of a celestial body can be advanced 
or retired in the same manner as other lines of position (art. 1010), by selecting any point, 
associated with the line of position and running it forward or backward by dead reckon-: 
ing, or by estimate. For most accurate results, the best estimate of course and speed’ 


{ 
| 
Tu. .r discussion of nevigational accuracy is included in chapter IIL of volume IT. | 
i 
| 


made good (over the bottom) between the time of observation and the time to which - 


the line is to be adjusted should be used. Any orror it. determining these values is: 
reflected in the aijusted line of position. However, error in speed does not affect the 
accuracy of an adjusted course line, nor does error in course introd e an appreciable 
error in the accuracy of an adjusted speed line. The time label of an adjusted line of’ 
position includes both the time of observation and the time to which the line is adjusted. 
As in the case of a line of position resulting from chservation of the bearing of an 
identifiable, charted object (art. 1004), the number of lines on the chart can be kept 
to a minimum, reducing the possihility of confusion, by adjusting the point from which 
the line is drawn. In the case of celestial navigation, this is the assumed position. } 
This method applies equally well to all observations, and avoids some possible dif- 
ficulty which might arise in advancing a line of position nearly parallel to the course 


line. When the AP is edvanced or retired, the initial line of position need not be drawn ; 


unless it serves some useful purpose. 
1707. The fix.—The common intersection of two or more lines of position con- 


stitutes a fix, regardless of the source c; the position lines, provided only that the lines | 


are based upon simultaneous observations. Celestial observations are seldom simul- 

taneous because all sights of a group are customarily taken by a single observer, usually 

the navigator. If observations are made « few minutes apart /a ror ‘1 of sights), as ¢ 
during a twilight period, all lines are adjusted to a common time, and the position 
is considered a fix, rather than a running fix. Many navigators advance earlier lines 
to the time of the last observation, and consider the fix applicabie at this time, as 
shown in figure 17¢7a. An alternative procedure, which is gaining in acceptance, is 
to advance earlier sights and retire later ones to an intermediate time, either the time | 
of the mid observation or a convenient time during the period of observation, such ; 

as a whole, half, or quarter hour. This results in a more accurate and convenient time | 





of the fix. In figure 1707b the lines of figure 1707a are adjusted to a common time at !? 


a whole hour. With any procedure, the time of the fix is the common time to which | 
the lines of position are adjusted. 
In figures 1707a and 1707 the assumed positiuns are typical of those which might 
be used with a modern method of sight reduction such as Pub. No. 229 (ch. 3%). 
Any position in the vicinity might be used. If the dead reckoning (or estimat+d) 
position at the time of each observation is used as the assumed position for that sight, 
all sights are plotted from the DR position (or EP) at the time for which the fix is 
desired. If the same AP is used for all sights, the advanced or retired AP’s are along a 
straight line extending in the direction of the course line, the AP corresponding to the , 
earliest observation being farthest advanced along this line, and others progressing 
along it in a direction opposite to that of the course. If there is any change of course 


cr speed between observations, this should be considered in advancing or retirine a line ™ «. 
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Friaure 1707b.—A fix obtained by adjusting the lines of position uf figure 1707a to a convenient time 
during the period of observation. 


of pogition, us it would in running forward the dead reckoning. Under normal condi- 
tions, lines of position adjusted for a short inierval to obtain a fix are moved by dead 
reckoning, without separate allowances for current. 

Two 1i..es of position provide a fix, but when additional celestial bodies are available, 
it is good practice to observe them. Additional lines serve s a check on the accuracy of 
the first two, and should decrease the error of the fix. However, the increased accuracy 
of a fix resulting from a number of lines of position, over that resulting from only 
two, is not gzeat under normal conditions, and the principal reason for the additional 
observations is the increased confidence the nevigator has in the reliability of his fix. 

Tn selecting bodies for observation, one should generally consider azimuth pri- 
marily, and such factors as brightness, altitude, etc., secondarily. Individual cir- 
cumstances, however, may dictate departures from this procedure. During twilight, 
when skies are clear and the entire horizon is good, one generally has ample choice of 
bodies to observe. It is good practice to make several more observations than the 
minimum considered acceptable, so that additional lines of position will be available, 


ifn 


if nccdeu, w resolve possible ambiguities or confirm doubtful results. 
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Sights need not be solved in the order taken. During evening twilight the brightest 
bodies should be observed first, as soon as they can be “brought down” successfully 
to the horizon. During morning twilight the reverse is true, the dimmer stars being 
observed while they are still visible. However, with advance planning, one can include 
in the list of bodies to be observed those which should provide the best fix. 

If all observations were precisely correct, in every detail, the vesultinz lines of 
position would meet at a point. However, this is rarely the case. Three observations, 
generally result in lines of position forming a triangle. If this triangle is not more thar 
two or three miles on a side under good conditions, and five to ten miles under un- 
favorable conditions, there is normally no reason to suppose that a mistake has been 
made. Even a point fix, however, is not necessarily accurate. An uncorrected error in 
time, for instance, would move the entire fix eastward if early and westward if late, at 
the rate of 1’ of longitude for each 4° of error in time. ; 

With two or four observations, the ideal is to have them crossing at angles of 
90°. With three observations, the ideal is angles uf 60°. With three observations it 
is good practice to observe bodies differing in azimuth by 120°, as nearly as possible. 
This provides lines of position crossing at angles of 60°, and, in addition, any constant 
error in altitude is eliminated, serving only to increase or decrease the size of the tri- 
angle, but not affecting the position of its center. If the azimuths dider by 60° (or the 
azimuth spread is less than 180°), a large constant error in altituae would result in al: 
fix outside the triangle, as shown in figure 1707c. With lines of position crossing at 60°) 
the assumed constant error for a fix outside the triangle is three times that for a fixi 
inside the triangle. With four bodies, azimuths differing by 90° produce a box fix, with} 
constant error eliminated by using the mid point as the fiv. With more than four ob- 
servations, the selection of the fix becomes more complex, and genera} rules are probe ly] 
undesirable. The evaluation of each observation and the erercise of judgment become! 
of greater importance. Whatever the number of observations, common practice, backed 
by logic, is to take the center of the figure formed unless there is reason for deviating 
from this procedure. By “‘cei.ter” is meant the point representing the least total error 
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Frgurs 1707c.—A fix from three lines of position, assuming a constant error in altitude. _If all lines, 
are moved away (in this case) from the bodies observed, they would meet in a point which might 
be either inside (left) or cutside (right) the triangle. 
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of all lines considered reliable. With three lines of position, the center is considered that 
point, within the triangle, which is equidistant from the three sides. It may be found 
by bisecting the angles, but more commonly it is located by eye. Jf a hx outside the 
triangle is to be used, and eye interpolation is not considered sufficiently reliable, the 
point can be found by bisecting two external angles and the internal angle at the third 


. intersection. If a constant error is assumed, the most probable position of the fix can 


always be found, whether within or outside the triangle, by bisecting the angle formed 
by azimuth lines originating at each intersection. 

The matter of navigational errors as applied to this problem is further discussed 
in chapter III of volume II. 

1708. A running fix (R FIX), in celestial navigation, is a position obtained by observa- 
tions separated by a considerable time interval, usually several hours. The usual 
occasion for a running fix is the availability of a single celestial body for ohservation, 
generally the sun. The delay between observations is usually to permit the azimuth to 
change sufficiently to provide a good angle of cut between lines of position. Thus, the 
sun may be observed about 0900, and again about noon. 

Generally, a longer wait results in a more nearly perpendicular intersection of 
the two lines of position, but it may also increase the error of the advanced line. The 
earlier line is advanced for the course and distance made good. The ability with which 
these can be predicted determines the accuracy of the running fix, assuming accurate 
observation, sight reduction, and plotting. For this reason it is impractical to set a 


. Specizic time limit upon the advancement of @ line of position. This should be determined 
by the conditions of each situation, in the best judgment of the navigator. Experience is 


valuable in acquiring such judgment. 

When an observation of a single body is mace, with the intent of later advancing 
it to obtain a running fix with a second observation, the line of position should be 
plotted for the time of observation, regaidless of the method used for advancing it, 
for the single line usually provides some useful informetion, as indicated in article 1704. 

Allowance for current, when advancing a line of position, can be made by solving 
# vector diagram, as indicated in article 807, to determine the course and speed made 
good. An alternative methed is to advance the AP or line without allowance for 
current, and then to advance it a second time in the direction of set. of the current, 
for a distance equal to the drift multiplied by the number of hours between the time 
of observation and the time to which the line is advanced. This method is illustrated 
in figure i70Sa. The distance AB *- squal to the distance between the 0800 and 1152 
DR positions. The direction BC is the estimated set of the current, and the length BC 
is the distance through which the current is assumed to act. 

A third method provides accurate results even when a reliable estimate of the 
current is not available, provided (1) a good fix was obtained several hours before the 
time of observation, and (2) the everage current between the time of the previous fix 
and the time of observation can be assumed to continue until the time to which the 
line is to be advanced. This method is illustrated in figure 1708b. The 0510 fix is shown 
at the left, and the DR positions at 0830 and 1215, tine ship being on course 074°, 
speed 12 knots. The sun is observed at 0830 and again at 1215, and it is desired to 
advance the earlier line to obtain a running fix at 1215. The lines of position at 0830 
and 1215 are plotted. To advance the 0830 line of position, the distance AB is assumed 
to increase uniformly with time interval from 0510. The interval to 0830 is 38207, 


b, m 
and that to 1215 is 7°05". Therefore, AB’ =ABX ve = AB>-2.1. The advanced line 


3°20" 
ef position is drawn through B’, parallel to the original line through B. The running 
fix is at the intersection of the 1215 line and the advanced 0830 line. 
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Figure 1708a.—Advancing a line of position with allowance for current, without. determining course 
and speed made good. 








Figurr 1708b.—Advancing 4 line of position without previous knowledge of the current. : 


Ee 


The set of the average current between 0510 and 0880 is the direction from «\’; 
to the 1215 running fix, and the drift is equal to this distance divided by 7°05". Tho! 
direction of a straight line (not shown) from the 0510 fix to the 1215 running fix is! 
the course made good between 0510 and 0830, and the length of this line divided by’ 
the time (7°05") is the speed made good to 0830. 

The points B and B’ need not be at the intersection of the lines of position and 
the course line. Any point on the iine of position can be used, and the line A’S’ drawn, 

parallel to AB. Changes of course -~d speed do not affect the accuracy of the solution | 


as long as A’B’ is parallel to AB. f . 
Several other variations are possible. A convenient one is to measure ne distance | 





from the earlier fix to point B. and divide this by the time to determine an “assumed” ! a 
speed (based upon the assumption that point B represents the position of the vessel he ¥ 
at the time of observation), and then to use ti.is speed to advance the line of position. . 4 
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This variaticn should not be used without adjustment if a change of course or speed is 
involved between the earlier fix and the time to which the line is to be advanced. 

This method should be used with caution. Any error in either the earlier fix or the 
first line of position is increased in proportion to the elapsed time. Thus, in figure 1708b, 
if AB is in error by one mile, A’B’ is in error by 2.1 miles. It should not be used when 
there is reason to suspect a change in current between fixes. 

1709. Celestial navigation and dead reckoning.—As indicated in chapter VITI, 
dead reckoning consists of advancing a known position for courses and speeds. Some 
difference in technique arises from a difference of opinion among navigators en the 
definition of (1) “known position” and (2) courses and speeds. 

Regarding the first, no position determined by celestial navigation as commonly 
practiced at sea is known with perfect accuracy. An average error of two miles is 
realistic. Because of the varying conditions encountered, it is difficult to establish 
limits of a “known” position. In general, however, a reasonably reliable fix or runnirg 
fix is considered sufficiently accurate to justify a new start in the dead reckoning. An 
estimated position or a fix or running fix of doubtful accuracy is considered an indi- 
cation, but an inconclusive one, of the error in the dead reckoning. Therefore, it is 
considered good practice to avoid starting a new dead reckoning track from such a 
position unless there is a compelling reason for doing Jo. After long experience and 
the development of sound judgment, a navigator might acquire great skill in establish- 


ing a most probable position of sufficient reliability to justify more frequent breaks 


‘in the continuity of the dead reckoning, but even under these conditions any reasonable 
element of doubt should be given great respect. 

What has been said regarding “known position” applies, also, in large measure to 
course and speed. The course steered and the speed at which a ship is being driven 
forward by its engines can be determined with relatively little error. Allowance for 
wind and current is a matter largely of judgment based upon experience. If the dead 
reckoning is to be meaningful, considerable caution should be exercised in allowing for 
wind and current when determining the course and speed to use for plotting. In the 
absence of information of » high degree of reliability, it is considered prudent to deter- 
mine dead reckoning without allowing for estimated effects of wind and current. 

In the absence of better information, then, it is considered good practice to start 
a new dead reckoning track only from a reliable fix or running fix, and te use courses 
and speeds without allowance for wind and current. This does not mean, however, 
that the navigator should not continually be aware of the possibility of error in his 


position as determined by dead reckoning, nor should he fail to make an estimate of 


the size and directic of the error. In this ability, and that of accurately interpreting 
all navigational infoiination received, lies the test of u good navigator. This is largely 
the art of navigation, as distinguished from the somewhat mechanical process of making 
observations and computing and plotting the results, and also from the science of 
devising the aids that are used in modern navigation. 

When it is desired to determine “average current,”’ this expression being used to 
mean the resultant of all dead reckoning errors, the dead reckoning should be run forward 
from a fix (not a running fix) to the time of the next fix (or running fix if the method 
of art. 1708 is used). A dead reckoning position determined in any other way is not 
usable, unless it is adjusted to provide a “no-current” position. A straight lire con- 
necting such a dead reckoning position and the fix at the same time indicates the 
current. The direction of the line from the DR position fo the fix is the set of the cur- 
rent, and the length of this line divided by the number of hours since the last fix is the 
drift, as in piloting. 
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LINES OF POSITION FROM CELESTIAL OBSERVATIONS 


Problems 


A Position Plotting Sheet such as chart 969, covering latitudes 27° to 30° north an 
south is needed for most of the problems of this chapter. If this is not svailable, one cant 
be constructed by means of table 5, as explained in article 307; or small area plosang 
sheets can be constructed as explained in article 324. 


1708a. In each of the following, determine the altitude intercept, @, and label it 
T or A, as appropriate: | 
j 
| 


He Ho 
(1) 18°21/4 18°25/9 
(2) 53°02/7 52°35/5 
(8) (—)0°05‘2 (—)0°12/7 
(4) (—)o°11!1 0°C1!1 


Answers.—(1) a 4.5 T, (2) @ 27.2 A, (8) a 7.5 A, (4) @ 12.2 T. 
1763b. The 0930 DR xc ‘tion of a ship is lat. 29°20/4N, long. 130°25‘2W. A 
this time the navigator observes the sun, and computes He and Zn for the 0930 D 
position, as follows: He 45°42/9, Ho 45°50'2, Zn 15793. As a check, he also solves 
the same sight for an sssumed position of lat. 29°00‘0N, long. 130°30/0W, with the 
following results: He 46°00/0, Zn 157°0. i 
Required.—Plot. the two lines of position, and account for the result. 
Answer—The two lines of position plot as approximately the same line, which isi 
not dependent upon the assumed position, but only upon the observed altitude and\ 
the time of observation. 
1705a. The 0500 fix ef a ship is lat. 27°10/0N, long. 142°55'5W. The ship is on 
course 068°, speed 9 knots. At 0800 the navigator observes the sun, with the followin, 
results: 
a 66T aL 27°00‘0N 
Zn 105°0 an 142°39/1W 


The current since the morning fix is estimated to set 130°, at a drift. of 1.4 knots, 

Required—(1) The 0800 DR position. 

(2) The 0800 EP if there were no observation, and no current was anticipated. 

(3) The 0800 EP using the current, if there we'e no observation. 

(4) The 0800 EP using the line of position, but not the current. 

(5) The 0800 EP using all available information. 

Answers.—(1) 0800 DR: L 27°20/0N, \ 142°27/2W;; (2) 0800 EP without current 
and line of position: L 27°20/0N, A 142°27/2W; (3) 0800 EP with current but ro line 
of position: L 27°17/4N, \ 142°23/5W;; (4) 0800 EP with line of position but no current; 
L27°19/5N, \ 142°25/3W; (5) 0800 EP with current and line of position: L 27°18/7N; 
4 142°25/8W. i 

1705b. The 0530 fix of a ship is lat. 28°55/8N, long. 161°51:7E. The ship is on 
course 060°, speed 10 knots. At 0830 the navigator observes the sun, with the follewing. 
results: 

a@67A aL 29°00‘0N 
Zn 110°0 an 162°28/9E 


Required—(1) The 0830 EP if the course is believed to have been made good, and! 
the line of position is considered accurate. be... 
(2) The 0830 EP if the speed is believed to be correct, and the line of position is "W*-._ 
considered accurate. 





















































































































































































































































































































LINES OF POSITION FROM CELESTIAL OBSERVATIONS 455 


(8) The 0830 EP if the course and speed are considered of equal reliability, and 
: the line of position is considered accurate. 

: (4) The 0830 EP if the course is of questionable accuracy, but considered more 
‘ reliable than the speed, and the line of position is considered accurate. 

, (5) The 0830 EP if the speed is of questionable accuracy, but considered more 
reliable than the course, and the Jine of position is considered accurate. 

(6) The 0830 EP if the course is believed to have been made good, and the error 
contributed by the uncertainty of the line of position is believed to be twice that con- 
tributed by the uncertainty of the speed. 

Answers—(1) 0830 EP: L 29°13/5N, \ 162°26/3E; (2) 0830 EP: L 29°06’5N, 
d 162°23'6E; (3) 0880 EP: L 29°09/8N, \ 162°25/0E; (4) 0880 EP: any place between 
(1) and (8); (5) 0830 EP: any place between (2) and (8); (6) 0830 EP: L 29°11/4N, 
d 162°22/8E. 

1707a. At 1740 the navigator and two assistants observe simultaneously three 
stars, with the following results: 


Fomalhaut Denedb Aldebaran 
He 28°10/3 34°59 /6 39°52'8 
Ho 28°05/3 35°05 /6 39°46/8 
Zn 210°0 308°7 089°3 
aL 28°00/0N 28°00/0N 28°00/0N 
ad 42°31!7W 42°29 /0W 42°23 /2W 


Required.—The 1740 fix. 

Answer.—1740 fix: L 28°06/6N, \ 42°30! 5W. 

1707b. The 1800 DR position of a ship is lat. 27°02/2N, long. 170°17!0W. The 
ship is on course 045°, speed 14 knots. During evening twilight the navigator observes 
three stars, with the following results: 


Dubhe Altair Spica 
Time 1815 1821 1830 
He 34°45/2 22°11/8 47°24'8 
Ho 34°51/3 22°15!7 47°20!4 
Zn 331° 090°3 21999 
aL 27°00/0N 27°00/0N 27°00/0N 
ay 170°10/2W 170°05/0W 169°54/:8W 


Required.—The 1830 fix. 

Answer.—1836 fix: L 27°11/5N, \ 170°O0/5W. 

1707c. The 1930 DR position of a ship is lat. 29°10/5S, long. 122°35/4W. The 
ship is on course 320°, speed 16 knots. During evening twilight the navigator observes 
a planet and two stars, with the following results: 


Saturn Regulus Rigil Kent. 
Time 1931 1942 1951 
He 46°58/5 53°04/0 24°19'5 
Ho 46°55/5 53°09/3 24°30/0 
Zn 023°5 170°2 297°6 
aL 29°00/0S 29°00/0S 29°00/08 
ad 122°55!0W 122°45/1W 122°35‘2W 
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456 LINES OF POSITION FROM CELESTIAL OBSERVATIONS 


Required—The 1942 fix. 
Answer.—1942 fix: L 29°05/3S, \ 122°47/4W. 
1707d. The 0500 DR position of a ship is lat. 29°53/9N, long. 69°32/1W. The 


ship is on course 130°, speed 13 knots. During morning twilight the navigator observes 
a planet and two stars, with the following results: 


Mars Kochab Spica 
Time 0451 0502 0511 
He 17°14/1 38°26/2 33°35/2 
Ho 17°24'5 38°19/2 33°47/8 
Zn 130°1 353°2 237°9 
aL 30°00!:0N 30°00/0N 30°00/0N 
ar 69°41:7W 69°30/0W 69°18/3W 


Required—The 0500 fix. 

Answer.—0500 fix: L 29°54/0N,  69°30/5W. 

1707e. The 0930 DR position of a ship is lat. 28°40/4N, long. 125°30/4E. The 
ship is on course 220°, speed 25 knots. The navigator observes the sun and moon, and 
solves each sight from the DR position at the time of sight, with the following results: . 


Sun Moon 
Time 0936 0943 
He 54°24'3 37 °07/9 
Ho 54°26/3 37°14/7 
Zn 200°2 142° 


Required.—The 0948 fix. 

Answer.—0948 fix: L 28°32/1N, \ 125°32'3E. 

1707f. A ship is on course 314°, speed 24 knots. During evening twilight the navi- 
gator observes two stars and the moon, and solves all three sights using assured 
latitude 28°0070S, assuined longitude 41°19!5W as the AP, with the following results: 


Peacock Moon Alpharatz 
Time 1855 1900 1905 
He 57°12'6 66°58/2 23°00/5 
Ho 57°17/9 67°01/2 22°53!7 
Zn 194°7 300°5 038°2 


Required.—The 1900 fix. 

Answer.—1900 fix: L 28°03/5S, \ 41°26/5W. ; 

1707g. The 0400 DR position of a ship is lat. 27°01/8N. long. 51°36/0E. The | 
ship is on course 037°, speed 20 knots. At 0545 the course is changed to 309°. During : - 
morning twilight the ua cigator observes two stars, with the following results: 


Vega Alpneralz 
Time 0537 0602 
a 45T 7.8 T 
Zn 300°5 07597 
aL 27°00/0N 27°00!0N 
a 51°45/2E 51°S01E 


Required.—The 0602 fix. 
Answer.—9602 fix: L. 27°28!1N, \ 51°Si!1E. 
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1707h. The 0600 DR position of a ship is lat. 27°50/3N, long. 20°58/2W. The 
ship is on course 000°, speed 20 knots. During morning twilight the navigator observes 
four stars, with the following resuits: 


Dubhe Kaus Aust. Spica Vega 
Time 0551 0554 0558 0604 
He 29°01!1 21°57/8 37°59/4 §4°33/1 
Ho 28°53/4 22°11/7 38°03/5 54°28/5 
Zn 330°0 149°7 233°3 057°3 
al, 28°00/0N 28°00/0N 28°00/0N 28°00/0N 
ad 20°54/6W 21°08/4W 20°56/7W 20°51/'3W 


Required.—The 0600 fix. 

Answer.—0600 fix: L 27°53/5N, 4 20°55/0W. 

1707i. The 1815 DR position of a ship is lat. 29°41/5S, long. 163°52‘3W. The 
ship is on course 295°, speed 18 knots. During evening twilight the navigator ob- 
serves three sters, with the following results: 


Regulus Pollux Aldebaran 
Time 1810 1815 1821 
He 45°18%6 35°50!7 22°50/8 
Ho 45°26/2 36°03/4 22°57'7 
Zn 040°2 350°7 300°5 
aL 30°00/0S 30°00/0S 30°00‘0S 
@ 163°45'0W 163°49'8W 163°54/0W 


Required.—(1) The 1815 fix, assuming random errors. 
(2) The 1815 fix, assuming a constant error. 


Answers—(1) 1815 fix: L 29°47!2S, » 163°51/2W; (2) 1815 fix: L 29°51/4S, 
d 163°50‘6W. 

170£a. The 9830 DR position of a ship is lat. 29°25'4S, long. 9°34'7E. The ship 
is on course 326°, speed 22 knots. The sun is observed during the morning, and again 
at 1200, with the following results: 


Sun Sun 
Time 05 9 1200 
@ 152A 28.4A 
Zn 062°3 169°5 
aL 29°00/0S 29°00!0S 
arn 9°37°0E 8°521E 


Required.—The 1200 running fix. 

Answer.—1200 R fix: L 28°31/6S, \ 8°50/0E 

1708b. The 0900 DR position of a ship is lat. 28°05‘/6N, long. 93°44:0W. The 
ship is on course 220°, speed 20 knots, and is believed to be in a current with set of 
110° and a drift of 1.5 knots. The sun is observed during the morning, and aguin at 
1200, with the following results: 


Sun Sun 
Time 0900 1200 
a 11.2T V7OA 
Zn 103°2 172°0 
aL. 28°00‘0N 27°00/0N 
ad 93°54:0W 94°38'9W 
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Required—The 1200 running fix. 
Answer.—1200 R fix: L 27°19'8N, \ 94°17/5W. 


1708c. The 0715 fix of a ship is Jat. 28°28'9S, long. 81°14'8W. The ship is on 
course 120°, speed 15 knots. During the morning the sun is cbserved twice, with the 


{ 
| = 









following results: zg 
Sun Sun = 
Time 0945 1200 Ee 
a 94A 0 z 
Zn 095°0 005°0 = 
aL 29°00/0S 29°00/0S Z 
an §80°SW 80°11 OW s 
Required.—(1) The 1200 running fix, allowing for current. 2 
(2) Set and drift of the current. a 
(3) Course made good between 0715 and 0945. 2 
Answers.—(1) 1200 R fix: L 29°01/0S, 4 80°00!2W; (2) set 049°, drift 1.1 kn.; zs 
(3) course made good 116°0. ¥ 
1708d. The 0500 fix of a ship is lat. 28°36/5N, long 143°22/0E. The courses and | ee 
speeds during the morning are as follows: | 3 
Time Course Speed i = 
0500 047° 24 kn 2 
0600 102° 20 kn. | 2 
7315 038° 16 kn. = 
0845 075° 19 kn 
1000 030° 23 kn = 
1045 085° 25 kn. = 
During the morring the sun is observed twice, with the following results: = 
Sun Sun 

Time 0915 1220 

@ 88A 20.04 

Zn 125°0 191°7 

aL 29°00/0N 29°00/0N 


an 144°44'8E 145°29'8E 


Required.—(1) The 1200 running fix, allowing for current. 
(2) Set and drift of the current. 


(3) Course and speed made good between fixes, assuming no change in current. 
Answers.—(1) 1200 R fix: L 29°20/0N, » 145°33/0E; (2) set 200°, drift 1.7 kn.; 
(3) course made good 070°, speed made good 17.7 kn. : 
1709a. The 0400 DR position of a ship is lat. 27°41/8S, long. 64°54/VE. This 
position has been run forward from a fix at 1715 the previous evening. The ship is on 
course 215°, speed 19 knots, but at 0600 the course is changed to 125°. At 0715 © fix 
locates the ship at lat. 28°23! 0S, long. 65°04'3E. 
Required —Set and rift of the current between fixes. 
Answers.——Set 072°, drift 1.0 kn. 
1709b. The 0500 fix of a ship is lat. 27°09!0N, long. 158°O9'5W. The ship is on 
course 310°, speed 14 knots. At 1155 a running fix Jocates the ship at lat. 28°01°2N 


3 


. ’ Zz 
long. 159°33‘2W. A new dead reckoning plot is started from this position. At 1900 a : 
star fix is obtained, locating the ship at lat. 28°57! 8N, long. 160°54'9W. Be a a 

Required —Set and drift of the average current detw een morning and evening fixes. ~ 8 
Answers—Set 167°, drift 1.2 kn. = 
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CHAPTER XVIII 
TIME 


1801. Intreduction.—Time serves to regulate affairs aboard ship, as it does ashore. 
But to the navigator, it has additional significance. It is not. enough to know where 
the ship is, was, or might be located in the future. The navigator wants to know when 
the various positions were or can reasonably be expected to be occupied. Time serves 
as a measure of progress. By considering the time at which a ship occupied varicus 
positions in the past, and by comparing the speed and various conditions it has en- 
countered with those anticipated for the future, the skillful navigator can predict with 
reasonable accuracy the time of arrival et various future positions. Time can serve &5 
measure of safety, for it indicates when a light or other aid to navigation might be 
sighted, and if it is not seen by a certain time, the navigator knows he has cause for 
concern. 

To the celestial navigator, time is of added significance, for it serves as a measure 


- of the phase of the earth’s rotation. That is, it indicates the position of the celestial 


bodies relative to meridians on the earth. Until an accurate measure of time became 
available at sea, iongitude could not be found. 

Very small intervals of time are used in certain electronic navigational aids, such 
as radar and Loran. 

Whatever the typ of navigation, a thorough mastery of the subject of time is 
important to the navigator. 

The four independent base units of measurement currently used in science are 
length, mass, time, and temperature. It is true that, except for fields of science such a3 
cosmology, geolo, - snd astronomy, time inierval is the more important time concept, 
and date (astronomical) is of much less importance to the rest of science. This is true 
because the “basic laws” of physics are differential in nature and only invelve small 
time intervals. In essence, physical “laws” do not. depend upon when (i.e., the date) 
they are applied. 

Based on these laws and extensive experimentation, scientisis have been able to 
demonstrate that frequency can be controlled and measured with the smallest percent-~ 
age error of any physical quantity. The frequency of a periodic phenomenon is the 
number of cycies of this phenomenon per unit of time (i.e., per second). The name of 
the unit of fresnency is the hertz (Hz) and is identical to a cycle per second (cps). 
Since most clocks depend upon some periodic phenomenon (e.g., a pendulum) in order 
to “keep time,” and since one can make reliable electronic counters to count the 
“swings” of the periodic phenomenon, we can construct clocks with timekeeping 
accurecy (rate accuracy) equal to the accuracy of the frequency standard. Today’s 
most precise and accurate clocks incorporate a cesium atomic beam as the “pendulum” 
of the clock. 

1802. Clocks and iimekeeping.—In early times, the location of the sun in the sky 
was the only reliable indication of the time of day. Of course, when the sun was not 
visible, one was unable to know the time with much precision. People developed devices 
(cailed clocks) to interpolate between checks with the sun. The sun was sort of a 
“master clock” that could be read with the aid of a sundial. An ordinary clock, then, was 
a device used to interpolate between checks with the sun. The gain in accuracy of the 
459 
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different clock devices over s period of years is shown in figure 1802. (Timekeeping 


torically, some people have used the word “clock” with the connotation ef ¢ secondary 
time reference, but todey this usage would be too restrictive. 

When one thinks of a clock, it is customary to think of some land of pendulum 
or balanes wheel, a group of gears, and a clock face. Each time the pendulum completes 
a swing, the hands of the clock sre moved a precise amount. In effect, the gears and 
hands of the clock “count’’ the number of swings of the pendulum. The face of the clock, 
of course, is not marked off in t .¢ number of swings of the pendulum but rather in 
hours, minutes, and secunds. 

One undesirable characteristic of pendulum-type clocks is that no two clocks ever 
keep exactly the same time. This is one reason for looking for a more stable “pendulum” 
for clocks. In the past, the most stable “‘pendulums” were found in astronomy. Here 
one obtains a significant advantage because only one universe exists—at least for 
observation purposes, and time defined by this means is available to anyo:.:—at least 
in principle. Thus, one can obtain a very reliable time scale which has the property of 
universal accessibility. In this chapter, time scale (art. 1804) is used to rafer to a con- 
ceptually distinct method of assigning dates to events. 

In a very real sense, the pendulum of ordinary, present-day electric clecks is the 
electric current supplied by the power company. In the United States the power util- 
ities generally synchronize their generators to the National Bureau of Standards 
(NBS) low frequency broadcast, WWVB. Thus, the right number of pendulum swings 
occur each day. Since all electric clocks which are powered by the same source have, in 
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has snown nea..y 10 orders of magnitude improvement within the last 6 centuries with | . 
about 6 orders occurring within 76 years of the 20th century.) Thus, a clock could be} 
a “primary clock” like the position of the sun in the sky, or it could be a secondary clock | 
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, effect, the same pendulum, these clocks do not gain or lose time relative to each other; 
i.e., they run at the same rate. Indeed, they will remain fairly close to the time as broad- 
cast by WWVB (+ 5 seconds) and will maintain the samo time difference with respect 
to each other (+ 1 millisecond) over long periods of time. 

It has been known for some time that atoms have characteristic resonances or, 
in a loose sense, “characteristic vibrations.” The possibility therefore exists of using 

_ the “vibrations of atoms” as pendulums for clocks. Presently, microwave resonances 
(vibrations) of atoms are the most precisely determined and reproducible physical 
phenomena that man has encountered. A clock which uses “vibrating atoms” as a pen- 
dulum will generate a time scale more uniform than even ite astronomical counterparts. 

But due to intrinsic errors in any actual clock system, atomic clocks drift relative 
to other similar clocks. Of course, the rate of drift is much smaller for atomic clocks than 
the old pendulum clocks, but nonetheless real and important. The attribute of universal 
accessibility for atomic time is accomplished by coordination between laboratories 
generating atomic time. 

1803. Basic concepts of time.—One can use the word “time” in the sense of date. 
(By “date” we mean a designated mark or point on a time scale.) One can also consider 
the concept of time interval or “length” of time between two events. The difference 
between these concepts of date and time interval is important and has often been con- 
fused in the single word “time.” 

The date of an event on an earth-based time scale is obtained from the number 

- of cycles (and fractions of cycles) of the apparent sun counted from some agreed-upon 
origin. Similarly, atomic time scales are obtained by counting the cycles of a signal in 

‘ resonance with certain kinds of atoms. 

The word “epoch” is sometimes used in a similar manner to the word “date.” 
However, dictionary definitions of epoch show gradations of meanings such as time 
duration, time instant, or a particular time reference point, as well as a geological period 
of time. Thus, epoch often simultaneously embodies concepts of both date and duration. 
Because of such considerable ambiguity in the word “epoch,” its use in this volume 
will be restricted to a time instant. 

Another aspect of time is that of simultaneity; i.e., coincidence in time of two 
events. For example, we might synchronize clocks upon the arrival of portable clocks 
at a laboratory. Here we introduce an additional term, synchronization, which implies 
that the two clocks are made to have the same reading in some frame of reference. Note 
that the clocks need not be synchronized to an absolute time scale. As an example, two 
people who wish to communicate with each other might not be critically interested in 
the date, they just want to be synchronized as to when they use their communications 
equipment. 

1804. Time svales.—A system of assigning dates to events is calied a time scale. 
The apparent motion of the sun in the sky constitutes one of the most familiar time 
scales but is certainly not the only time scale. Note that to completely specify a date 
using the motion of the sun as a time scale, one must count days (i.e., make a calendar) 
from some initially agreed-upon beginning. In addition (depending on accuracy needs) 
one measures the fractions of a day (i.e., “time of day’) in hours, minutes, seconds, 
and maybe even fractions of seconds. That is, one counts cycles (and even fractions of 
cycles) of the sun’s daily apparent motion around the earth. 

1805. Fundamental kinds of time.—There are three fundamentally different kinds 
of time. These are time based on the rotation of the earth on its axis; time based on long 
term observations of the annual revolution of the earth around the sun; and time 
based on transitions in the atom. 










































































































































































































































Time based on the rotation of the earth on its axis has several forms, all of which i 
are related to each other by rigorous formulae or by appropriate tables. These forms } 
are the various sidereal times, mean and apparent, ond solar times, mean and apparent. | 

Time defined by the daily rotation of the earth with respect to the equinox or first j 
point of Aries is known as sidereal time. The sidereal time is numerically measured by | ‘ 
the hour angle of the equinox, which represents the position of the equinox in the daily } 
rotation. The period of one rotation of the equinox in hour angle, between two consecu- | 
tive upper meridian transits, is a sidereal day; it is divided into 24 sidereal hours, | 
reckoned from 0" at upper transit which is known as sidereal noon. The true equinox 
is at the intersection of the true celestial equator of date with the ecliptic of date; the 
time measured by its daily rocation is apparent sidereal time. The position of the true 
equinox is affected by the nutation of the axis of rotatiun of the earth; and the nutation 
consequently in. .duces irregular periodic inequalities into the apparent sidereal time 
and the length of the sidereal day. The time measured by the daily motion of the mean 
equinox of date, which is affected only by the secular inequalities due to the precession 
of the axis, is mean sidereal time. The maximum difference between apparent and 
mean sidereal times is only a little over a second, and its greatest daily change is a little 
more than a hundredth of a second. Because of its variable rate, apparent sidereal time 
is used by astronomers only as a measure of epoch; it is not used for time interval. 

Mean siderea] time is deduced from apparent sidereal time by applying the equation — 
of equinoxes. | 

Universal Time (UT) is a particular case of ihe measure known in general as mean 
solar time (art. 1808). Universal Time is the mean solar time on the Greenwich meridian, 
reckoned in days of 24 mean solar hours beginning with 0° at midnight. Universal 
Time and sidereal time are rigorously related by a formula so that if one is known the 
other can be found. The ratio of the mean solar day to the mean sidereal day 
is 1.0627379093, and the equivalent measures of the length of the day are: 


Mean sidereal day_...-......--------- 23"5604209054 of mean solar time 
Mean solar day......-....----------- 24°03"56255536 of mean sidereal time. : 








mT 








AMT oT 
rh i OG EOE vee 






























| 
| 
| 





Universal Time, in principle, is determined by the average rate of the apparent 7 
daily motion of the sun relative to the meridian of Greenwich; but in practice the 
numerical measure of Universal Time at any instant is computed from sidereal time. : 

Universal Time is the standard in the application of astronomy to navigation. 
Observations of Universal Times are made by observing the times of transit of stars. | 

The Universal Time determined directly from astronomical observations is denoted | 
UTO. Since the earth’s rotation is non-uniform, corrections must be applied to UTO to ° 
obtain a more uniform time. This more uniform time is obtained by correcting for two 
known periodic motions. 

One motion, the polar motion (the motion of the geographic poles) is the result 
of the axis of rotation continuously moving with respect to the earth’s crust. The 4 
corrections for this motion are quite small (+15 milliseconds for Washington, D.C.). 2 | 
On applying the correction to UTO, the result is UT1, which is the same us Greenwich BS de é 
mean time (GMT) used in celestial navigation. ; 

The second known periodic motion is the variation in the earth’s speed of rotation 
due to winds, tides, and other phenomena. As a consequence, the earth suffers an annual 
variation in its speed of rotation of about +30 milliseconds. When UT1 is corrected 
for the mean seasonal variations in the earth’s rate of rotation, the result is UT2. 

Although UT2 was at one time believed to be a uniform time system, it was later 
determined that there are secular variations in the earth’s rate of rotation, possibly 
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; caused by random accumulations of matter in the convection core of the earth. Such 
_ accumulations would change the earth’s moment of inertia and thus its rate of rotation. 
‘ The second fundamental kind of time, Ephemeris Time (ET), is, by definition, a 
“Uniform time system. Ephemeris Time is the uniform measure of time defined by the 
. law of dynamics and determined in principle from the orbital motions of the planets, 
* specificaily the orbital motion of the earth as represented by Newcomh’s Tables of the 
"Sun. Ephemeris Time is the measure of time in which Newcomb’s Tadles of the Sun 
agree with observation. Ephemeris Time is time based on the ephemeris second defined 
as 1/31556925.9747 of the tropical year for 1900 January 0°12" ET. The ephemeris day 
is 86,400 ephemeris seconds. The ephemeris second is a fundamental invariable unit of 
time. 

The Ephemeris Time at any instant is obtained from observation by directly 
comparing observed positions of the stn, moon, and planets with gravitational ephemer- 
ides of their coordinates; observations of the moon are most effective and expeditious 
for this purpose. Ephemeris Time is used by astronomers in the fundamental ephemer- 
ides of the sun, moon, and planets, but is not used by navigators. 

The third fundamental kind of time, Atomic Time (AT), is based on transitions in 
the atom. 

The basic vrinciple of the atomic clock is that clectromagnetic waves of a par- 
ticular frequency are emitted when an atomic transition occurs. The frequency of the 

, cesium beam atomic clock was found to be 9,192,631,770 cycles per second of Ephemeris 
' Time in an experiment conducted jointly by the National Physical Laboratory, Ted- 
dington, England, and the U. S. Naval Observatory during 1955-1958. 
Tn 1967 the atomic second was defined by the Thirteenth General Conference on 
_ Weights and Measures as the duration of 9,192,631,770 periods of the radiation cor- 
_ responding to the transition between two hyperfine levels of the ground state of the 
cesium atom 133. This value was established to agree as closely as possible with the 
« ephemeris second. Thus, the atomic second became the unit of time in the International 
- System of Units (SI). 
UT2 and Al, the atomic time scale established by the U.S. Naval Observatory 
; in 1958, were identical on January 1, 1958. To the accuracy currently available, Al 
and ET differ only by a constant such that ET—A1=32%15. 

The advent of atomic clocks, which have accuracies better than 1 part in 10°, 
led in 1961 to the coordination of time and frequency emissions of the U.S. Naval 
Observatory and the Royal Greenwich Observatory. The master oscillators controlling 

- the signals were calibrated in terms of the cesium standard (AJ) and corrections 
determined at the U. S. Naval Observatory and the Royal Greenwich Observatory 
were made simultaneousiy at all transmitting stations. Because of the divergence of the 
astronomical and atomic time scales due to the unpredictable variations in the earth’s 
rotation. the time emissions were adjusted by applying a frequency offset to the oscillator 
so that the rate defined by the timing pulses was in general agreement with UT2. 
If, in spite of this, the departure of the time signals from UT2 became unacceptable, 
the epoch of the signals was adjusted by 100 millisecond steps. These adjustments kept 
the transmitted time synchronized with the rotation of the earth within a tolerance 

of O81. This system became known as Coordinated Universal Time (UTC) and was 
accepted by many autherities following its formal recommendation in 1961 by the 
International Astronemical Union ([AU) and in 1963 by the International Radio 
Consultative Committee (CCIR), a committee of the International Telecommunications 
Union (ITU) which controls international coordination of time signal transmission. 
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464 TIME 


In February 1970 at tho Plenary Assembly of tho ITU, it was agreed that come 
mencing January 1, 1972, the use of frequency offsets would be discontinued and that: 
all timo signal transmissions would be based strictly on the internationally a.Jojted 
definition of the second. The ITU also agreed that the cuordinated time transmission 
based on the atomic second be maintained in approximate agreement with UT! by 
stepping the transmitted time one whole second whenever necessary. 

In accordance with the implementation resolutions of the IAU, the new system 
wax inaugurated January 1, 1972, using the second defined in terms of an International 
Atomic Time (TAI) scale (art. 1806) as the unit of time and UT as tho astronomical 
reference, Beginning at this time, UTC was thon maintained in approximate ugreo- 
ment with UT by step adjustinents (leap seconds) as directed by the Bureau Intor- | 
nationale de |'Houre (BIH). 

At the end of 1971, before the new system was inaugurated, thore was a difference 
of almost 10 seconds between TAI and UTC. In order that this difference be an in- 
tegral number of whole seconds (in this case 10°) a specin! nogative adjustmont of 
approximately 0.108" was mado in accordance with BIH directive so that tho reading 
on the UTO acolo was 1 January 1972, 00°00"00" at tho instant the TAL scalo was 
1 January 1972, 00"00"10°, 

1806. International Atomle Time (TAI) scale.—In October 1971, the Gonern| 
Conference on Weights and Measures endorsed the Bureau Internationale do }’Houre 
(BIE) atomic tine scale as the International Atomic Time (TAI) scale defined ns 
follows: 

“International Atomic Time is the time reference coordinate established by tho 
Bureau Internationale de I’Heure on the basis of the readings of atomic clocks functioning 
in various establishments in accordance with the definition of the second, the SI Unit 
(International System of Units) of time.” 

The Atomic Time (AT) scales maintained in the United States by tho National 
Bureau of Standards and‘ the U. S. Naval Observatory constitute approximately 3734 
percent of the stable reference information used in muintuining a stable TAI scala 
by the BIH, 

1807. Time interval and time seales.—One should note sources of confusion which 
ean oxist in the measurement of time and in the use of the word “second.” Suppose 
that two events occurred at two different dates. For example the dates of these two 
events wore 15 December 1970, 18°307001000000 UTC and 15 December 1970, 
16°30700!000000 UTC. At first thought one would say that the time interval between 
these two events was exactly 1 hour=3600.000000 seconds, but this is not true, (The 
actual interval was longer by about 0.000108 seconds (3600 seconds 300% 107!9, 
Rofor to table 1807.) Recall that the UTC time scalo (like all the UT senlos and tho ET 
scale) was not defined in accordance with the definition of the interval of time, the 
second, Thus, one cannot simply subtract the dates of two ovents as nssigned by the 
UTC scalo (or any UT scalo or the ET scale) in crder to obtain the precise time interval 
between these cvents. Historically, the reason behind this state of affairs is that navi- 
gators need to know the earth’s position (i.c., UT1)—not the duration of the second. 
Yot, many sciontists neod to know an exact and reproducible time interval, Note that 
this might also bo true of the now UTC systom if the particular time interval included 
one or more leap seconds. 

It is also confusing that the dates assigned by the UT, ET, and UTC scales involve 
tho same word as the unit of time interval, the second, For accurate and preciso moasiure- 
ments, this distinction can be extremely important, 
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Offset rate of 

Year UTC in parts 
per 10!° 
1960235. eee Se dcesecesees —150 
1961 css eto ceciewe —150 
1962. tor see oeeteeencd — 130 
1903 2c see chee So rsieSe edt tee —130 
19642 522252223 sccce ee —150 
19052 ee cis ede ore —150 
4966. ee ees ee eS —300 
MOG (eecsic eedeet het les sseceees —300 
NQG8 ose eer bckee cheeses cee —300 
1969. 2c one ees ete eats —300 
O70 co etcteeet sve ee ces —300 
VO7P ssc e ce ees se ceseteiee —300 

1972 — future....------------- 0 





Tasie 1807.—Frequeny cffscts of UTC from 1960 to 1972. 


1808. Solar time.—The basis of time measurement in celestial navigation is the 


_ period of rotation of the earth. This period is not quite constant; it is subject to varie- 


tions which may reach a few milliseconds per day. These variations will be disregarded 
initially; the earth wil! be conceived as rotating at a constant rate. 

The earth’s rotation causes the sun and other celestial bodies to appear to cross the 
sky from east to west each day. If a person located on the earth’s equator measured 
the time interval between two successive transits overhead of a very distant star, he 
would thereby measure the period of the earth’s rotation. If he then made similar meas- 
urements on the sun instead of a star, he would obtain a result about 4 minutes longer 
than before. This difference is due to the earth’s mction around the sun, which continu- 
ously changes the apparent place of the sun among the stars. Thus, during the course of 
a day the sun appears to move a little to the east among the stars so that the earth must 
rotate on its axis through more than 360° in order to bring the sun overhead again. Of 
course this apparent eastward movement of the sun cannot be observed directly. 

If the sun is on the observer’s meridian when the earth is at point A (fig. 1808) in 
its orbit around the sun, it will not be on the observer’s meridian after the earth has 
rotated through 360° because the earth will have moved along its orbit to point B. 
Before the sun is again on the observer’s meridian, the earth must turn still more on its 
axis. The sun will be on the observer's meridian again when the earth has moved to point 
C in its orbit. Thus, during the course of a day the sun appears tc move eastward with 
respect to the stars. 

Even if the earth did not rotate on its own axis, the sun would rise and set once 
during the year because of the earth’s orbit around it. The stars, however, are not within 
the earth’s orbit. Since they are generally more than e million times as distant as the 
sun, their apparent positions are only very slightly affected by the earth’s orbital motion. 
The apparent positions of the stars are commonly reckoned with reference to an 
imaginary point called the vernal equinox, which is the intersection of the celestial 
equator and the ecliptic. The sun is at the vernal equinox at the beginr‘g of spring, 
when it passes over the equator on its apparent journey northward. The period of the 
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1GUR= 1808.—Apparent eastward movement of the sun with respect to the stars. 


earth’s rotation measured with respect to the vernal equinox is called a sidereal day. 
The period with respect to the sun is called an apparent solar day. 

With the sun moving eastward among the stars so that the difference between the 
apparent solar and sidereal day is about 4 minutes of time, on any night a star will rise 
about 4 minutes earlier than on the previous night. Thus, the celestial sphere -appears 
to shift westward about 1° each nigh:. The complete shift through 360° is associated 
with the year, the period of onc revolution of the earth around the sun. By the calendar, 
one year is 365 days duration for a common year and 366 days for a leap year. A leap 
year is any given year divisible by 4, unless it is a century year, which must be divisible 
by 400 to be a leap year. Thus, 1900 was not a leap year, but 2000 will be. This calendar, 
now in general use, is called the Gregorian calendar. 

When measuring time by the rotation of the earth, the time is apparent solar time 
if the apparent (real) sun is used as the ceiestial reference. 

Use of the apparent sun as a celestial reference for time results in time of noncon- | 
stant rate for at least three reasons. First, revolution of the earth in its orbit is not | } 
constant. Second, motion of the apparent sun is along the ecliptic, which is tilted with i ‘ 
respect to the celestial equator, along which time is measured. Third, rotation of the |. - 
earth on its axis is not constant. The effect de to this third cause is extremely small. 7. _ 

For the various forms of mean solar time, the apparent sun is replaced by a fictitious - 
mean sun, conceived as moving eastward along the celestial equator at a uniform speed _ 
equal to the average speed of the apparent sun along the ecliptic, thus providing a _ 
nearly uniform measure of time equal to the approximate average apparent time. The _ 
speed of the mean sun along the celestial equator is taken as 15° per hour of mean i= 
solar time. 

1809. Equation of time.—Mean solar time, or mean time as it is commonly called, Is 
is sometimes ahead of and sometimes behind apparent solar time (sundial time). The | 
difference, which never exceeds about 164, is called the equation of time (Eq. T.). 

By one convention, the equation of time is the time interval which must be added — mS 
algebraically to the mean time to obtain apparent time. This convention is used here. 
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In accordance with Kepler's second law (art. 1407), the speed of the earth in its 


: elliptical orbit around the sun varies with the changing distance between the two 
- bodies. The earth moves faster at perihelion than it does at aphelion. Consequently, 
‘as seen from the earth the sun appears to move faster in January than it does in July. 


Even if the earth’s orbital speed were uniform, the hour angle of the sun would still 
change at a variable rate because the sun as observed from the earth appears to move 
in the plane of the ecliptic, which is inclined at an engle of about 23°27’ to the plane 
of the celestial equator. 

In deriving the value of the equation of time it is simpler to consider the contri- 
butions of the ellipticity and obliquity of the apparent orbit of the sun about the earth 
separately. In considering the ellipticity and obliquity contributions separately, it is 
convenient to introduce a second fictitious sun. This second sun, known as the dynamical 
mean sun, is conceived to move eastward along the ecliptic at the average rate of the 
apparent (true) sun. The dynamical mean sun and the apparent sun occupy the same 
position when the earth is at perihelion (or the sun is at perigee when using the concept 
that the sun orbits the earth). The dynamical mean sun and the mean sun, or astro- 
nomical mean sun as it is sometimes called, occupy the same position at the time 
of the vernal equinox. 

That part of the equation of time due to the ellipticity of the orbit and known as 


, the eccentricity component is the difference, in mean solar time units, between the 
_ hour angles of the apparent (true) sun and the dynamical mean sun. It is also the dif- 
* ference in the right ascensions of these two suns. That part of the equation of time due 
: to the obliquity of the orbit is the difference in units of mean solar time, between the 
‘ hour angles of the dynamical mean sun and the astronomical mean sun. It is also the 


difference in the right ascensions of these two suns. 

Figure 18092 illustrates the apparent orbit of the sun about the earth. In accordance 
with Kepler’s second law the radius vector sweeps through equal areas in equal time 
intervals. Therefore, the angular velocity of the true sun is greatest at perigee. With 
the true sun 7 and the dynamical mean sun D occupying the same position at perigee 
P around 1 January, following perigee the true sun moves ahead of the dynamical mean 
sun which is moving eastward along the ecliptic at the average rate of the true sun. The 
maximum separation of about 2° (8 minutes) occurs about 1 April. Because of Kepler's 
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Frscrr 1809a.—Apparent orbit of the sun about the earth. 












































































































































































































































































































































TIME 


second law, the dynamical mean sun and the true sun must be in coincidence again at 
apogee A about 1 July. The time for the true sun to move from perigee to apogee is 
equal to the time for the true sun to move from apogee to perigee. Since the dynamical | 
mean sun moves at the average rate of the true sun, the time to complete the orbit of | 
the ecliptic is equal to the time required for the true sun to complete the same orbit. j 
Since the line of apsides bisects the sun’s apparent orbit, it follows that the time re- 
quired for the dynamical mean sun to complete half the orbit is the same as that re- 
quired for the true sun to complete half the orbit. Therefore, the dynamical mean sun 
and the true sun occupy the same position at apogee. 

With the true sun and the dynamical mean sun occupying the same position at 
apogee and with the angular velocity of the true sun being least at apogee, following 
apogee the dynamical mean sun moves ahead of the true sun. The maximum separation | 
of about 2° (8 minutes) occurs about 1 October. The two suns are again coincident | 
at perigee about 1 January. ; 

The eccentricity component of the equation of time is shown in figure 1809b. The 
obliquity component of the equation of time can now be found by comparing a dynami- 
cal mean sun moving uniformly along the ecliptic with an astronomical mean sun also 
moving uniformly at the same rate in the plane of the celestial equator. 

With the dynamical mean sun and the astronomical mean sun coincident at the 
first point of Aries and each moving uniformly at the same rate along their respective 
paths, following the time of the vernal equinox the positions of the two suns are such 
that the celestial longitude of the dynamical mean sun equals the right ascension of the 
astronomical mean sun. As shown in figure 1809c, TD=TM. As is also shown in this 
figure, following the vernal equinox the right ascension of the astronomical mean sun 
is greater than the right ascension of the dynamical mean sun. Thus, during this period 
that part of the equatien of time due to the obliquity of the orbit is a negative value. 

When the celestial longitude of the dynamical mean sun has increased to 90°, 
the right ascension of the astronomical mean sun will also be 90°. At the time of the 
summer solstice, the hour circles of the two suns are coincident; the elevated pole, 
the ecliptic pole, and the two suns all lie on the same great circle. Therefore, at the 
summer solstice that part of the equation of time due to the obliquity of the orbit is 
zero. Halfway between the time of the vernal equinox and the summer solstice that 
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Ficure 1809b.—Eccentricity component. 
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Fictre 1809c.—Right ascensions of dynamical and astronomical mean suns. 
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part of tho equation of time duo to obliquity of tho orbit renchos a maxinium value of 
about 10 minutes, 

Following the summer rolstice and until tho timo of the autumnal oquinox, the 
right ascension of the dynamical mens sun is greater than that of tho astronomical 
moan sun, At the autumnal equinox, the two suns are coincident. Following the autumnal 
equinox and until the time of tho winter xolstice, the right ascension of the astronomical 
mean sun is greater than that of the dynamical mean sun, At the winter solstice, the 
hour angles of the two suns are coincident; the elevated pole, the ecliptic polo, and the 
two vunx all Jie on tho same great circle, Therefore, at the winter sulsties that part of 
the equation of time duo to the obliquity of the orbit is zero, Following the winter 
xolstics and until the time of the vernal equinox, the right axconsion of the dynamical 
moan aun is greater than the right ascension of the astronomical mean sun, 

Kigure 1800d illustrates that part of the equation of time due to obliquity of the 
orbit. Figure 1800¢ illustrates the combining of the two parts. From inspection of tho 
curve it can be seen that the equation of time is zero on or about 16 April, 14 Juno, 
I September, and 24 Decomber, The grontest value ix about 16"22" in November. 

1810. Expressing time—As a measure of part of a day, tine based upon the rota. 
tion of the earth can bo stated in a number of different ways, At any given moment, 
the time depends upon (1) the point on the celestial sphero used as reference, (2) the 
roference meridian on the earth, and (3) the somewhat arbitrary starting point of tho 
day. 

Whon tho sun is used as tho celestial reference point, solar time results, If tho 
actual sun obsorvable in the sky is used, apparent solar time is involved, and if a 
fictitious mean sun is used to provide a time having an almost constant rate, moan 
solar time results. ‘Time reckoned by uso of the first point of Aries (‘T) as tho colostial 
reforonco point is called sldereal time. Use of the moon ax the celostial reference point 
provides on variable-length lunar day, tho basis of lunar time, which ix useful in tido 
prediction and analysis. Because of its application, a lunar day is sometimes called a 
tidal day. [t nvernyos about 24°60" (moan solar units) in longth. 

If the meridian of the observer is used as tho torrostrial reference, local time is 
involved, [fa zone or standard meridian ix used ax tho time meridian for mean solar 
lime over an ares, zone or standard time results, Uso of a meridian farther cast than 
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Fiounr 1800d.—Obliquity componcnt, 
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Fistre 1809¢.— Equation of time curve constructed from eccentricity and obliquity components. 
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- would normally be used, so that the period of daylight is shifted later in the day 
? produces a form of zone time called daylight saving or summer time. Time based 3 
upon the Greenwich meridian is called Greenwich time. Greenwich mean time sac : 
(GMT) is of particular interest to a navigator because it is the principal entering : : 
argument for the almanacs. 
J One complete revolution of the earth with respect to a celestial reference poin: is 
called a day. In modern usage every kind of solar time has its zero or startirg point > ag 
at midnight, when the celestial reference point is directly over the lower branch of the ar 
terresirial reference meridian. This has not always been so. Until January 1, 1925, 
the astronomical day began at noon, 12 hours later than the start of the calendar day 
of the same date. The nautical day began at noon, 12 hours earlier than the caludar 
e day, or 24 hours earlier than the astronomical day of the same date. The sidereal day 
: begins at sidereal noon, when the first point of Aries is over the upper branch of the 
’ reference meridian. There is no sidereal date. 
Time is customarily expressed in time units, from @ through 24%. To the nearest 
1” it is generaliy stated by navigators in a four-digit unit without punctuation. Thus, 
0600 is midnight at the start of the day. One minute later the time is 0001. Half an hour 
after the start of the day the time is 0030, at one hour the time is 0100, at one hour and 
four minutes it is 0104, at 19 minutes after noon (solar time) it is 1219, xt four hours 
and 23 minutes after (solar) noon it is 1623, etc. The term “hours” is sometimes used 
with the four-digit system to indicate that the number refers to the time or “hour” of 
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(ante meridian) and px (post meridian), as in ordinary civil life ashore. 


~7* _~» the day. However, in those few occasions when any reasonable doubt may exist 2s to 
4 whether time is indicated, the fact can better be indicated in another way. ‘hus, the 
me expression “1600 hours” to indicate “1600” or “16 hours” is not strictly correct, and is 
= 4 better avoided. Watch time (WT), indicated by a watch or clock having a 12-hour dial, 
ta _ and chronometer time (C) are expressed on a 12-hour basis, with designations ax 
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In contrast, a time interval is expressed as hours and minutes, as 5*26°. wae | 


either the time of day or a time interval is given to seconds, this same form is used, 
as 23715718" The kind of time may be indicated, usually by abbreviation. 


When a time interval is to be added to or subtracted from a time, the solution 3 


can be arranged conveniently in tabular form. 
Example 1.—What is the time and date 14°36753* after 21514718? on July 24? 
Solution.— 
21°14718° July 24 
14°36753* 
35°51711* July 24 
=11°51711° July 25 


The fact that the sum of hours exceeds 24 is an indication that the cate increases 
by one. Similarly, in subtracting an intervel, the date is one day earlier if 24° must 


be added to the time befere the subtraction can be made. That is, since 2400 of one - 


day is 0000 of the following day, one might say that 2700 on one day ir 2700—2400= 
0300 on the following day. In the example above, 11°51°11* on July 25 is the same as 
11°51711*+-2400°C0'=35°51711" on July 24. 

Date is sometimes expressed as an additional unit of the time sequence. Thus, 
21°14718* on July 24 might be stated 24°21°14718*. This system is of particular value 
when an interval of several days is to be added or subtracted. 

Ezample 2.—What is the time and date 9°16°35"04* before 5°11°33* on September 
15? 

Solution. — 

15°05*21°33* 
9*16°35704° 
5°12°36"29* or 12°36729* on Sept. 5. 


By this method the month and day, if of significance, are recorded separately, 
or they, tco, can be added to the sequence. 
Ezample 3.—What is the time td date 3 years, 6 months, 25 days, 12 hours, 19 
minutes, and 44 seconds after 7°52724* on November 14, 1958? 
Solution. — 
195871 1714°07°52724* 
3706725°12°19744° 
1962°06708°20"12708*=20°12708° on June 8, 1°62. 


Since a month may contain a variable number of days, both the months and days 
should be solved tegether. Thus, in the example above, the answer would be 17 months, 
39 days. If 12 months are converted to one vear, this becomes five months, 39 days. 
Since the fifth month is May, this might be stated as May 39. Since there are 31 days 
in May, this is 39—31=8 days into the next month, or June 8. 

A simpler method of determining the rumber of elapsed days between any two 
dates is to use the Julian day of each date, if the informetion is available. This also 
eliminates possible error due to change of calendar if Jong intervals are involved. 
The Julian day is the consecutive number of the day starting at 1200 on January 1, 
4713 BC. Julian day is listed in the American Ephemeris and Nautical Almanac. 


1811. Time and are.—The time of day is an indication of the interval since the - 


day began. One dey represents one complete rotation of 360° of the earth with respect 
to a selected celestial point. Each day is divided into 24 hours of 60 minutes, each 
minute having 60 seconds. Thus, each day has 24X60=1,440 minutes or 1,440 60= 
86,400 seconus. This is time regardless of the celestial reference point used, and since 
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the various references sre in motion with respect to each other, as “seen” from the 
earth, apparent solar, mean solar, and sidereal days are of different lengths. Since 

_ they all have the same number and kind of fractional parts, these parts are themselves 

_ of different length in the different kinds of time. Mean solar units are customarily 
used to indicate time intervals. The smallest unit normaily used in celestial navigation 
is the second, but in some electronic equipment the millisecond (one-thousandth of a 
socond), microsecond (one-millionth of a second), and the millimicrosecond or nano- 
second (one-billionth of a second) are used. 

Time of day is an indication of the phase of rotation of the earth. That is, it 
indicates how much of a day has elapsed, or what part of a rotation has been completed. 
Thus, at zero hours the day begins. One hour later, the esrth has turned through 

° 
1/24 of a day, or 1/24 of 360°, or a =15°. Six hours after the day begins, it has 


Go 
5 turned through 6/24=1/4 day, or sor = 00°. Twelve hours after the start of the day, 





1 sinunenianenianeermiennane ARAM A 













the day is half gone, having turned through 180°. Smaller intervals can also be stated 
in angular units, for since one hour or 60 minutes is equivalent to 15°, one minute of 
15° 
“60, 







’ 
=0°25=15’, and one second of time is equivalent to Le 


time is equivalent to 60 


6/2515". Thus, 









Time Are 
19=24"—360°=1 circle 
: 60"= 1°=15° 
, ; m— 1°=60’ 
; 60° 1@==15/ 
4% =1/=60" 







oS 15°=0!25 





Any time interval can be expressed as an angle of rotation, and vice versa. Intercon- 
version of these units can be made by the relationships indicated above. 

To convert time to are: 

1. Multiply the hours by 15 to obtain degrees. 

2. Divide the minutes of time by four to obtain degrees, and multiply the remainder 
by 15 to obtain minutes of arc. 

8. Divide the seconds of time by four to obtain minutes and tenths of minutes of 
arc, or multiply the remainder by 15 to obtain seconds of arc. 

4, Add degrees, minutes, end tenths (or seconds). 

Example 1.—Convert 14521739° to arc units. 

Solution. — 


(1) 14° X 15=210° 

(2) 217 + 4= §°15/ (remainder 1" X15=15') 

(3) 398 + 4= 9’45” (remainder 3° 15=45") 

(4) 14521™398=215°24'45"=215°24'8 (to the nearest 0/1). 

















_ te 





To convert arc to time: 

1, Divide the degrees by 15 to obtain hours, and multiply the remainder by four 
to obtain minutes of time. 

2. Divide the minutes of arc by 15 to obtain minutes of time, and multiply the 
remainder by four to obtain seconds of time. 

3. Divide the seconds of are by 15 to obtain seconds of time. i 

4, Add hours, minutes, and seconds. he 
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é Exampie 2.—Convert 215°24’45” to time units. i 
Solution — i 
(1) 215° + 15=14°20" = (remainder 5° X4=20") 
(2) 24° + 15= 1™36° (remainder 9’ 4=36?) 
(3) 45" + 15= 3° 
(4) 215°24'45” = 14°21™39" 
| 
Ezample 3.—Convert 161°53/7 to time units. 
Solution.— i 
(4) 161° + 15=10°44" (remainder 11°X4=44") | 
(2) 58/7 ~ 15= 33483 (remainder 8/7X4=34'8) | 
(8): 161°53/7=10°47"3423 = 10°67™358. | 


The navigator should be able to make these solutions mentally, vriting only the 
answer. As a check, the ansy-er can be converted back to the original value. Solution 
can also be made by means of ‘re to time tables in the almanacs. In the Nautical 
Almanac the table, given near the back of the volume (app. F), is in two parts, per- ; 
mitting separate entries with degrees, minutes, and quarter minutes of arc. The table | 
is arranged in this manner because the navigator is confronted with the problem of 
converting are to time more often tnan the reverse. 





Example 4.—Convert 334°18’22” to time units, using the Nautical Almanac arc 
to time conversion table. 
Solution — Basse 
334°= 22516" ee 
18'25= 1713° S 
834°18/22" =22°17713° he 


The 22” are converted to the nearest quarter minute of arc for solution to the 
nearest second of time. Interpolation can be used if more precise results are required, Ts 
since exact relationships are tabulated in the Nautical Almanac conversion table. : 

Example &6.—Convert 83°29'6 to time units, using the Nautical Almanac arc to 
time conversion table. 

Solution.— 

83° = §"32™ 
29'6= 175884 
$3°29/6 = 5°33™5884 ° 
In this solution, 58°4 was obtained by eye interpolation in the quarter-minute part of | = 
the table. ne 

Example 6.—Convert 17°09"42* to arc units, using the Nautical Almanac arc to [= 
time conversion table. to 

Solution — ; 

17°08" 257° bt see 
Y42%= 25/5 
17909428 == 257°25 (5 


A similar table appears near the back of the Air Almanac (app. G); however, fo ms 

quarter minutes of arc are not included. : 
Ezample 7.—Convert 334°47/2 to time units, using the Air Almanac arc to time 

conversion table. 
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Solution.— 
334°— 180°= 154°= 10°16" 
47/2= 3709° 
154°47/2=10°19709° 
334°47/2—=22°19™09" 


Example 8.—Convert 15"13™18° to arc units, using the Air Almanac arc to time 
conversion table. 
Solution.— 
15°12™ =: 228° 
1718°= 19/5 
1551371 8°=228°19'5 


Because the almanac conversion tables are exact relationships, interpolation in 
them can be carried to any degree of precision desired without introducing an error. 
1812. Time and longitude.—As indicated in the preceding article, time is a measure 
of ro.rtion of the earth, and any given time interval can be represented by a corre- 
’ sponding angle through which the earth turns. Suppose the celestial reference point 
were directly over a certain refarence of the earth. An hour later the earth would have 
turned through 15°, and the celestial reference would be directly over a meridian 15° 
_ farther west. Any difference of longitude is a measure of the angle through which the 
earth must rotate for the local time at the western meridian to become what it was at 
: the eastern meridian before the rotation took place. Therefore, places to the eastward 
i of an observer have later time, and those to the westward have earlier time, and the 
difference is exactly equal to the difference in longitude, expressed in time units. When 
* a meridian other than the local meridian is used as the time reference, the difference in 
time of two places is equal to the difference of longitude of their time roference meridians. 
1813. The date line.—Since time becores later toward the eest, and earlier toward 
: the west, time at the lower branch: of one’s meridian is 12 hours earlier or later depending 
- upon the direction of reckoning. A traveler making a trip around the world gains or 
" loses an entire day. To prevent the date from being in error, and to provide a starting 
' place for each day, a date line is fixed by international agreement. This line coincides 
i with the 180th meridian over most of its length. In crossing this line, one alters his 
‘ date by one day. In effect, this changes his time 24 hours to compensate for the slow 
change during a trip around the world. Therefore, it is applied in the opposite direction 
to the change of time. Thus, if a person is traveling eastward from east longitude to 
west longitude, time is becoming later, and when the date line is crossed, the date becomes 
’ one day earlier. That is, at any moment the date immediately to the west of the date line 
(east longitude) is one day later than the date immediately to the east of the line, except 
at GMT 1200, when the (mean time) date is the same all over the world. At any other 
time two dates occur, one boundary between dates being the date line, and the other 
being the midnight line along the lower branch of the meridian over which the mean 
sun is located. At GMT 1200 these two boundaries coincide. In the solution of 
_ problems, error can sometimes be avoided by converting local time to Greenwich time, 
* and then converting this to local time on the opposite side of the date line. Examples 
are given in following articles. 

1814. Zone time.—At sea, as well a3 ashore, watches and clocks are normally set 
approximately to some form of zone time (ZT). At sea the nearest meridian exactly 
divisible by 15° is usually used as the time meridian or zone meridian. Thus, within a 
time zone extending 7°5 on each side of each time meridian the time is the same, and 
time in consecutive zones differs by exactly one hour. The time is changed as con- 


























we 




















































































































476 TIME 


venient, usually at a whole hour, near the time of crossing the boundary between zones. 
Each time zone is identified by the number of times the longitude of its zone raeridian | 
is divisible by 15°, positive in west longitude and negative in east longitude. This | 
number and its sign, called the zone description (ZD), is the number of whole hours | 
that are added to or subtracted from the zone time to obtain Greenwich mean time | 
(GMT), which is the zone time at the Greenwich (0°) meridian, and is often called : 
Universal Time (UT). The mean sun is the celestial reference point for zone time. 

Example 1—For an observer at long. 141°18'4W the ZT is 6°14™24". 

Required.—(1) Zone description. 

(2) GMT. 

Solution —(1) The nearest meridian exactly divible by 15° is 135°W, into which | 
15° will go nine times. Since longitude is west, ZD is (+-) 9. 


ZT 61824" 
ZD (+) 9 
(2) GMT 15°18™24° 


In converting GMT to ZT, a positive ZD is subtracted, and a negative one added, 
but its sign remains the same, being part of the description. The word “reversed” (rev.) | 


is written to the right in the work form to indicate that the “reverse” process is to be 
performed. 


Example 2—The GMT is 15°27709°. 
Required.—(1) ZT at long. 156°24'4 W. 


i 
(2) ZT at 39°04/8 E. 
Solution. — 





(1) GMT 15°27709° (2) GMT 15°27709* 
ZD (+)10 (rev.) ZD (—) 38 (rev.) 
ZT 5527709° ZT 18°27709* 


When time at one place is converted to that at another, the date should be watched 
carefully. If a sum exceeds 24 hours, subtract this amount and add one day. If 24 hours 
are added before a subtraction is made, the date at the place is one day earlier. 

. Example 3.—At long. 73°29'2 W the ZT is 21°12"53* on May 14. 
; Required—(1) GMT and date. 















' 

a i 
a (2) ZT and date at long. 107°15'7 W. | 

: Solution. — 

Ee ZT 21512™53* May 14 i 

S ZD (+) 5 it 2 
3 (1) GMT 2{2753" May 15 | i 
ZD (+).7 (rev) 
(2) ZT 19°12753" May 14 | 

i 


The second part of this problem might have been solved by using the difference in |. 
zone description. Since the second place is two zones farther west, its time is two hours 
earlier. Problems involving zone times at various places generally involve nothing more cs 

eee than addition or subtraction of one small number, so solutions can generally be made 

mentally. However, when this forms part of a larger problem, or when a record of the | 
solution is desired, the full solution should be recorded, including labels. | di 

Example 4.—On November 30 the 1430 DR long. of a ship is 51°382/4 W. Ten | ~~~ ~ 
hours later the DR long. is 53°07'2 W. 

Required.—ZT and date of arrival at the second longitude. 
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Solution. — 











ZT 1430 Nov. 30 
ZD (+) 3 . 
GMT 1730 Nov. 30 
int. 1U 

GMT 0330 Dec. 1 
ZD (+) 4 (rev.) 
ZT 2330 Nov. 30 



























If a time zone boundary had not been crossed, there would have been no need to 
find GMT. It is particularly helpful to retain this step when the date line is crossed. 
This line is the center of a time zone, the western (east longitude) half being designated 
(—) 12, and the eastern (west longitude) half (++) 12. 

Example §.—On December 31 the 0800 DR long. of a ship is 177°23‘9E. Forty 
hours later the DR long. is 171°53'9 W. 

Required —ZT and date of arrival at the second longitude. 

Solution. — 

Alternative solution 


ZT 0800 Dec. 31 ZT 31°08"00" 


ZD (—)12 ZD (—)12 
GMT 2000 Dec. 30 GMT 30°20°00" 
int. 40 int. 1¢16° 


GMT 1200 Jan. 1 GMT ~1°12"008 
ZD (+)11__ (rev.) ZD (+)11 — (rev.) 
ZT 0100 Jan. 1 ZT 19015007 


For certain communication purposes it is sometimes convenient to designate a 


* time zone by a single letter. The system used is shown in figure 1814. 


Use of time zones on land began in 1883, when railroads adopted four standard 
zones for the continental United States. The division of the United States into time 
- zones was not officially adopted by Congress, however, until March 19, 1918, when a 

fifth zone was also established for Alaska. The system of time zones is now used almost 
universally throughout the world, although on land the zone boundaries are generally 
, altered somewhat for convenience. In a few places, half-hour zones are used but these 
* are not standard time zones. 
: On land, normal zone time is usually called standard time, often with an adjective 
to indicate the zone, as eastern standard time. In some areas timepieces are advanced 
- one or more hours during the summer to provide greater use of daylight. This “fast” 
_ time is called daylight saving time in the United States, and summer time elsewhere. 
When time is one hour fast, the zone description is (algebraically) one less than normal. 
_ When daylight saving or summer time is specified, an advance of one hour is understood 
unless a greater number is indicated. 
; Example 6.—What is the standard time and date at Tokyo, long. 140°E, when the 
daylight saving time at Washington, D.C., long. 77°W, is 1600 on Oct. 5? 


Solution — 
ZT 1600 Oct. 5 
ZD (+) 4 

GMT 2000 Oct. 5 
ZD (—) 9 (rev.) 
ZT 0500 Oct. 6 
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During hostilities daylight saving time may be kept all year long throughout a 
nation, and designated war tine. 

1815. Chronometer time (C) is time indicated by a chroncmeter. Since a " - 
nometer is set approximately to GMT, and not reset until it is overtinw'ed and cleaned, 
perhaps three years later (art. 1514). there is nearly always a chronometer error (CE), 
_ either fast (F) or slow (S). The change in chronometer error in 24 hours is called chronom- 
eter rate, or daily rate, and designated gaining or losing. With a consistent rate of 1° per 
day for three years, the chronometer error would be approximately 18". Since chro- 
nometer error is subject to change, it should be determined from time to time, preferably 
daily at sea. Chronometer error is found by radio time signal (art. 1826), by comparison 
with another timepiece of known error, or by applying chronometer rate to previous 
readings of the same instrument. It is recorded to the nearest whole or half second. 
Chronometer rate is recorded to the nearest 0°1. 

Example 1—At GMT 1200 on May 12 the chronometer reads 12°04721°. At GMT 
1690 on May 18 it reads 4504725°. 

Required.—(1) Chronometer error at both comparisons. 

(2) Chronometer rate. 

(3) Chronometer error at GMT 0530 on May 27. 

Solution.— 


en IR SON NNER 


GMT 12'00700° May 12 
C 12°04™21* 
(1) CE (F) 47215 
GMT 1600700* May 18 
C 4'04™25° 
(1) CE (F) 4725° 
GMT 12412" 


GMT 18*16° 
diff. 6°04°=672 


| 
| 
| 

CE (F) 421° 1200 May 12 ve tg 
| 
| 
| 
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CE (F) 425° 1600 May 18 
diff. 4° gained 
(2) daily rate 0°6 per day, gaining. (4°+6°2) 


GMT 18°16"007 





: GMT 2705°30" 
a diff. 8*13°30" =8%5 





“4 CE (F) 4725" 1600 May 18 
corr. (+-)5° (895 X0%6 per day) i 7 
e (3) CE (F) 4730" 0530 May 27 ' © 7G 


Because GMT is stated on a 24-hour basis, and chronometer time on a 12-hour i. 
basis, a 12-hour ambiguity exists. This is ignored in finding chronometer error. How- 
ever, if chronometer error is applied to chronometer time to find GMT, a possible 12- 
hour eiror can result. This can be resolved by mentally applying zone description / 
to local time to obtain approximate GMT. A time diagram can be used for resolving = 
doubt as to approximate GMT and Greenwich date. If the sun for the kind of time 
used (mean or apparent) is between the lower branches of two time meridians (as the 
standard meridian for local time, and the Greenwich meridian for GMT), the date at 
the place farther east is one day later than at the place farther west. s.. 
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Example 2.—On August 14 the DR long. of a ship is about 124° E, and the zone time | 
is about 0500. Chronometer error is 12"27° slow. | 
Required —GMT and dete when the chronometer reads 8°44722°. | 
Solution.-— se 4, i 
approx. 0500 Aug. 14 i 

ZD (—)8 : 


approx. GMT 2100 Aug. 13 


C 8'44™22* 
CE (S) 12727* 
GMT 20°56"49" Aug. 13 


The A chronometer, usually the best (having the most nearly uniform rate), is - 
compared directly with the time signal (art. 1826). Other chronometers, designated 
B, C, etc., may then be compared with the A chronometer. 

Example 3.—At GMT 1400 chronometer A is checked by time signal, and found 
to read 1°57709°. A little later, when it reads 2°05700°, chronometer B reads 2511738". 

Required.—(1) Error of chronometer A. 

(2) Error of chronometer B. 

Solution.— 


GMT 14°00700° 
Cy,  1°57709° 
(1) CE, (S) 2751° 
Ca 270500 


| 
i 
i 
i = 
GMT ia07"51* 
Cy _2°11™38" ge 


(2) CE, (F) 347° 


If time signals are not available at the chronometer, a good comparing watch (art. 
1516) should be compared with the radio signal, and this watch used to determine 
chronometer error, as indicated in example 3, substituting the watch for chronometer A. 
1816. Watch time (WT) is time indicated by a watch. This is usually an approxi- 
mation of zone time, except that for timing celestial observations it is good practice to 
set & comparing watch (art. 1516) to GMT. If the watch has a second setting hand, 
the watch can be set exactly to ZT or GMT, and the time is so designated. If the 
watch is not set exactly to one of these times, the difference is known as watch error 
(WE), labeled fast (F) or slow (S) to indicate whether the watch is ahead of or behind 
the correct time, respectively. 
If a watch is to be set exactly to ZT or GMT, it is set to some whole minute slightly , 
ahead of the correct time, and stopped. When the set time arrives, the watch is started. -. __ 
It should then be checked for accuracy. [428g 
Example 1.—A chronometer 9"46* fast on GMT reads approximately 7°23". At} - _- 
the next whole five minutes of GMT a comparing watch is to be set to GMT exactly. | 
Required —(1) What should the watch read at the moment of starting? 
(2) What should the chronometer read? 
Solution — 


» 


C 7523700° 
CE (F) 946° 
GMT 7°513714° 
(1) GMT 7°15700° (next whole 5”) 
CE (F) 9746° 
(2) C 7°24™465 










































































Hi TOM MOE OUR ENG ae ea men 


nt 


Phen! Mier a mt fy he 
































































































































































































































The GMT may be in error by 12", but if the watch is graduated to 12 hours, this 
will not be reflected. If a watch with a 24-hour dial is used, the ac.ual GMT should 
be determined. 

If watch error is to be determined, it is done by comparing the reading of the watch 
with that of the chronometer at a selected moment. This may be at some selected 
GMT, asin example 1. 

Example 2.—lf, in example 1, the watch had read 7°14748* at the moment the 
chronometer read 7524746", what would be the watch error on GMT? 

Solution.— 

GMT 7°15700° 
WT 7°14748° 
WE (8) 1% 


A more convenient chronometer time might be selected, as a whole minute. 
Example 3.—A watch is set to zone time approximately. The longitude is about 


'48°W. The watch is compared with a chronometer which is 19744° fast on GMT. 


When the chronometer reads 5°22700°, the watch reads 2501753°. 
Required—Watch error on zone time. 
Solution — 

Cc 522760" 

CE (F) 19744* 

GMT —=_-5"02716° 
ZD(+)3 

ZT 2°02716* 

WT 2°01™53* 

WE (S) 23° 


The possible 12° error is not of significance. When such o watch is used for deter- 
mining GMT, however, as for entering an almanac, the 12-hour ambigvity is important. 
Unless a watch is graduated to 24 hours, its time is designated am before noon and PM 
after noon. 

Example 4.—On January 3 the DR long. is 94°14!7E. An observation of the 
sun is made when the watch reads 12°16"23° pam. The watch is 22* fast on zone time 

Required —GMT and date. 


Solution. — 
WT 12716723" px Jan. 3 


WE _(F) 22 
ZT =12°16"01" 
ZD(—)6 

GMT @ 16°01" Jan. 3 


Note that between 1200 and 1300 watch designations are pom. Between 0000 and 
0100 they are aM. 

Comparison of a watch and chronometer should be made carefully. .f two ob- 
servers are available, one can give » warning “stand-by” a few seconds before the 
selected time, and a “mark” at the appointed moment, while the other notes the time 
of the watch. A single observer can make a satisfactory comparison by counting with 
the chronometer. Chronometers beat in half seconds, with an audible “tick.” Ten 

” seconds before the selected time (perhaps a whole minute), the observer starts counting 
with the beats, as he watches the chronometer second hand, ‘50, and, 1, and, 2, and, 
9, and, mark.” During the count the observer shifts his view from 
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the chronometer to the second hand of the watch, continuing to count in cadence 

with the chronometer beats. At the “mark,” the second, minute, and hour hands | 
of the watch are read in that order, and the time recorded. A comparison of this i 
time with the GMT or ZT corresponding to the selected chronometer. time indicates | 


the watch error. 

Even though a watch is set to zone time approximately, its error on GMT can 
be determined and used for timing observations. In this case the 12-hour ambiguity 
in GMT should be resolved, and a time diagram used to avoid possible error. This © 
method requires additional work, and presents a greater probability of error, without 
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compensating advantages. 
Still another method of determining GMT, generally used before zone time came 
into common use at sea, is to subtract watch time from chronometer time, to find 
C—WT. Thisis then added to the watch time of an observation to obtain chronometer 
time (C~WT+WT=C). Chronometer error is then applied to the result to obtain 
GMT. A time diagram should always be used with this method, to resolve the 12-hour 
ambiguity and to be sure of the correct Greenwich date, unless an auxiliary solution is 
made using approximate ZT and ZD. This method has little to recommend it. 
If a watch has a watch rate of more than a few seconds per day, watch error should 
be determined both before and after a round of sights, and any difference distributed 


421) wad, 


proportionally among observations. 
If a stopwatch is used for timing observations, it should be started at some } 


convenient GMT, as a whole 5” or 10". The time of each observation is then this 
GMT plus the reading of the watch. 

1817. Local mean time (LMT), like zone time, uses the mean sun as the celestial 
reference point. It differs from zone time in that the local meridian is used as the 
terrestrial reference, rather than a zone meridian. Thus, the local mean time at each 
meridian differs from that of every other meridian, the difference being equal to the 
difference of longitude, expressed in time units. At each zone meridian, including 


0°, LMT and ZT are identical. 
Example 1.—At long. 124°37/2W the LMT is 17*24718* on March 21. 


Required.—(1) GMT and date. 
(2) ZT and date at the place. 
Solution — 
LMT 17924™18* Mar. 21 
Xr 8"18™29°W 
G1) GMT 1°42™475 Mar. 22 


ZD (+) 8 (rev.) 
(2) ZT = 17°42747* Mar. 21 
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In nevigation the principal use of LMT is in rising, setting, and twilight tables. 
The problem is usually one of converting the LMT taken from the table to ZT. At 
sea, the difference between these times is normally not more than 30, and the conver-| © ~_. 
sion is made directly, without finding GMT as an intermediate step. This is done by; _ 
applying a correction equal to the difference of longitude (dd). If the observer is west: 
of his time meridian, the correction is added, and if east of it, the correction is subtracted. 
If Greenwich time is desired, it is found from ZT. 

Example 2.—At long. 63°24‘4E the LMT is 0525 on January 2. 
Required.—(1) ZT and date. 
(2) GMT and date. 
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Solution.— 
LMT 0525 Jan. 2 


a (=) 
(1) ZT =0511 Jan. 2 
ZD (— 34 


(2) GMT (0111 Jan. 2 


On land, with an irregular zone boundary, the longitude may differ by more 
than 7°5 (80) from the time meridian. 
If LMT is to be corrected to daylight saving time, the difference in longitude 
between the local and time merdian can be used, or the ZT can first be found and 
then increased by one hour. 

Conversion of ZT (including GMT) to LMT is the same as conversion in the 
opposite direction, except that the sign of dd is reversed. This problem is not normally 
encountered in navigation. 

1818. Apparent time utilizes the apparent (real) sun as its celestial reference, and 
a meridian as the terrestrial reference. Local apparent time (LAT) uses the local 
meridian. The LAT at the 0° meridian is called Greenwich apparent time (GAT). 

The LAT at one meridian differs from that at any other by the difference in 
longitude of the two places, the place to the eastward having the later time, and con- 
version is the same as converting LMT at one place to LMT at another. 

Use of the apparent sun as a celestial reference point for time results in time of 
nonconstant rate for at least three reasons. First, revolution of the earth in its orbit 
:is not constant. Second, motion of the apparent sun is along the ecliptic, which is 
i tilted with respect to the celestial equator, along which time is measured. Third, 
rotation of the earth on its axis is not constant. The effect due by this third cause is 
- extremely small. 

: For the various forms of mean time, the apparent sun is replaced by a fictitious 
; mean sun conceived as moving eastward along the celestial equator at a uniform speed 
equal to the average speed of the apparent sun along the ecliptic, thus providing a 
nearly uniform measure of time equal to the approximate average apparent time. At 
any moment the accumulated difference between LAT and LMT is indicated by the 
equation of time (Eq. T), which reaches s maximum value of about 1674 in November. 
This quantity is tabulated at 12-hour intervals at the bottom of the right-hand daily 
‘page of the Nautical Almanac. In the United States, the sign is considered positive 


-(+) if the time of sun’s ‘Mer. Pass.” is earlier than 1200, and negative (—) if later 


than 1200. If the “Mer. Pass.’’ is given as 1200 (as on June 12-14, 1975), the sign is 
positive if the GHA at GMT 1200 is between 0° and 1°, and negative if it is greater 
than 359°. The sign is correct for conversion of GMT to GAT. In Great Britain, 
this convention is reversed. Since GMT is the entering argument for the almanacs, 


interconversion of apparent and mean time should preferably be made from Greenwich 
time, rather than from local time. 


‘ Ezample—Find the LAT and date at ZT 15°10740° on May 31, 1975, for long. 


73°18!4 W. 
Solution.— 
aT 15°10740° May 31 
ZD{(+) 5 
GMT =. 20"1040" May 31 
Eq. Ti+) -225# 
GAT 20°13"05* May 31 
PN 4°53™14* W 
LAT =‘ 15"19"51* May 31 
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In conversion from apparent to mean time, . solution may be needed if} 


the equation of time is large and changing rayicl: g the GAT for entering the! 
almanac for the first solution, and using the GMT -oun this solution as the almanac| 
entry value for the second solution. 


Apparent time can also be found by converting b~r an .e to time units, and! 
adding or subtracting 12 hours. If LAT is required, bu-1 AT, conversion of arc’ 
to time should be made from LHA, rather than GHA, w avoid the need for conversion 
of longitude to time units. Equation of time can be found by subtracting mean time 
from apparent time at the same meridian. This method of finding apparent time and 


equation of time is the only one available with the Air Almanac, which does not tabulate 
equaticn of time. 


The navigator has little or no use for apparent time, as such. However, it can be: 


used for finding the time of locsl apparent noon (LAN), when the apparent sun is on 
the celestial meridian. ' 


The mean sun averages out the irregularities in time due to the variations of the 
speed of revolution of the earth in its orbit and the fact that the apparent sun moves . ; 
in the ecliptic while hour angle is measured along the celestial equator. It does not : 
eliminete the error due to slight variations in the rotational speed of the earth. When 
a correction for the accumulated error from this source is applied to nean time, Ephem-| 
eris Time results. This time is of interest to astronomers, but is not used directly by} 
the navigator. ; 

1819. Sidereal time uses the first point of Aries (vernal equinox) as the celestial: 
reference point. Since the earth revolves around the sun, and since the direction of; 
the earth’s rotation and revolution are the same, it completes a rotation with respect? 
to the stars in less time (about 3"56°6 of mean solar units) than with respect to thesun,}. _ 
and during one revolution about the sun (one year) it makes one complete rotation moref 
with respect to the stars than with the sun. This accounts for the daily shift of thei 
stars nearly 1° westward each night. Hence, sidereal days are shorter then solarg ~ 
days, and its hours, minutes, and seconds are correspondingly shorter. Because off 
nutation (art. 1417) sidereal time is not quite constant in rate. Time based upon the? 
average rate is called mean sidereal time, when it is to be distinguished from the}, — 
slightly irregular sidereal time. The ratio of mear solar time units to mean sidereal 
time units is 1:1.00273791. 

The sidereal day begins when the first point of Aries is over the upper branch of 
the meridian, and extends through 24 hours of sidereal time. The sun is at the first}: 
point of Aries at the time of the vernal equinox, about Marck 21. However, since the} 
solar day begins when the sun is over the lower branch of the meridian, apparent solar 
and sidereal times differ by 12 hours at the vernel equinox. Each month thereafter: .. .; 
sidereal time gains about two hours on solar time. By the time of the summer solstice, aay 
about June 21, sidereal time is 18 hours ahead or six hours behind solar time. By the} 
time of the autumnal equinox, about September 23, the two times are together, and by” 
the time of the winter solstice, about December 22, the sidereal time is six hours ahead 
of solar time. There need be no confusion of the date, for there is no sidereal date. 

Local sidereal time (LST) uses the local meridian as the terrestrial reference. At; : 
the prime meridian this is called Greenwich sidereal time (GST). The differenca: 
between LST at two meridians is equal to the difference of longitude between them, 2 od 
the place to the eastward having the later time. Local sidereal time is LHAT expressed 
in time units. To determine LST at any given moment, find GHAT by means of any 
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almanac, and then apply the longitude to convert it to LHAT. Then convert LHAT 
in arc to LST in time units. 
Ezample.—Find LST at ZT 825"51* on May 31, 1975, for long. 103°16/3 E. 
Solution.— 


‘i q Be G HH 
EG AG Hn 


WUD 
i 


ZT =: 825™51* May 31 
ZD(—)7 
GMT 1°25751* May 31 
1 262°54'S 
25751* 6°28/8 
GHAT 269°23/6 
A 103°163 E 
LHAT 12°39/9 
LST = 0°50™40° 


Ml 


EO 
















Unless GST is required, conversion from arc to time units should be made from 
LHAT, rather than from GHA, to avoid the need for converting longitude from arc 
to time units. 

Conversion of sidereal to solar time is the reverse. Local sidereal time is converted 
to arc (LHAY), and the longitude is applied to find GHAT. This is used as an argument 
for entering the almanac to determine GMT, which can then be cenverted to any other 
kind of time desired. This is similar to one method of finding time of meridian transit, 
described in article 2104. Normally, the problem is not encountered by the navigator. 


Sidereal time, as such, is little used by the navigator. It is the basis of star charts 
' (art. 2204) and star finders (art. 2210), and certain sight reduction methods (notably 
Pub. No. 249}, but generally in the form LHAT. This kind of time is used for these 
purposes because its celestial reference point remains almost fixed in relation to the 
stars. Sidereal time is used by astronomers to regulate mean time. Timepieces regulated 

to sidereal time can be purchased. 


1820. Time and hour angle.—Both time and hour angle are a measure of the phase 
of rotation of the earth, since both indicate the angular distance of a celestial reference 
point west of a terrestrial reference meridian. Hour angle, however, applies to any 
point on the celestial sphere. Time might be used in this respect, but only the apparent 
sun, mean sun, the first point of Aries, and occasionally the moon are commonly used. 

Hour angles are usually expressed in arc units, and are measured from the upper 
branch of the celestial meridian. Time is customarily expressed in time units. Sidereal 
time is measured from the upper branch of the celestial meridian, like hour angle, but 
solar time is measured from the lower branch. Thus, LMT=LHA mean sun plus or 
minus 180°, LAT=LHA apparent sun plus or minus 180°, and LST=LHAT. 

As with time, local hour angle (LEIA), based upen the local celestial meridian, at 
two places differs by the longitude between them, and LHA at longitude 0° is called 
Greenwich heur angle (GHA). In addition, it is often convenient to express hour angle 
in terms of the shorter arc between the local celestial meridian and the body. This is 
similar to measurement of longitude from tae Greenwich meridian. Local hour angle 
measured in this way is called meridian angle (t), which is labeled east or west, like 
longitude, is indicate the direction of measurement. A westerly meridian angle is 
numerically equal to LHA, while an easterly meridian angle is equal to 360°—LHA; 
also, LHA=t (W), and LHA=360°—t (E). Meridian angle is used in the solution of 
the navigational triangle (art. 1433). 

Ezample 1—Find LHA and t of the sun at GMT 3°24™716* on June 1, 1975, for 
long. 118°48°2W. 
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Solution. — 
GMT 3524716* June 1 


3° 225°35/7 
24716" $°94/0 
GHA 231°39:7 
dX 118°48/2 W 
LHA 112°51/5 
t 11295145 W 
Example 2-—Find LHA and t of Kochab at ZT 18°24747* on May 31, 1975, for 
long. 55°27/3W. 


Solution.— 


Kochab 
ZT 18924747" May 31 
ZD (+) 4 
GMT 22°94747* May 31 
22 218°46/5 
24°47° 6°12/S 
SHA 137917 !7 
GHA 2°17/0 
X 55°27/3 W 
LHA 396°419/7 
t §3°10/3 E 


1821. The legal basis of standard time in the United States is contained in the 
“Uniform Time Act of 1966” (Public Law 89-387) and the U.S. Code, Title 15. This 
act reiterates the policy of the United States to “promote the adoption and observence 
of uniform time within prescribed Standard Time Zones . . .” and establishes the 
annual advancement and retardation of standard time by 1 hour the last Sunday of 
April and October, respectively. The Department of Transportation is the agency | 
designated for enforcement of the law. ; 

The “Uniform Time Act” establishes § Standard Time Zone~ “27 the Unites | 
States (fig. 1821) and notes that standard time is based on the meai solar time off =~ 
specified longitudes. The reference meridians are spaced 15° apart in longitude be-! : 
ginning with the meridian through Greenwich, England. Time zones extend 7° in’ 
longitude on each side with considerable variation in boundaries to conform to political ' 
or geographic boundaries or both. Since the time zones are 15° apart, the time difference 
between two adjacent zones is one hour. 

A comprehensive delineation of these zones is given in the Code of Federal Regu- 
lations, cntitled “Standard Time Zone Boundanies.”’ ; 

This system of time zones is now used aimost universally throughout the world,| _ 
although on land the zone boundaries are generally altered somewhat for convenience | 
(fig. 1814). In a few places, half-hour zones are used. | 

The standard times used in various countries and places are tabulated in the! ~. 
almanacs. 
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kad.v Dissemination of Time Signals 
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1822. Dissemination systems.—Of the many systems for time and frequency dis-} a 
semination, the majority employ some type of radio transmission, either in dedicated | i 
time and frequency emissions or established systems such as radionavigation systems ! : 
and television. The most accurate means of time and frequency dissomination today is . ‘| 
through on site visits or aircraft flyovers with portable atomic clocks. 
Radio time signals can be used either to perform a clock function or to set clocks. 
: When one uses a radio wave instead of a clack, however, new considerations evolve. : 
One is the delay time of approximately 3 microseconds per kilometer it takes the radio 3 
: wave to propagate and arrive at the reception point. Thus, a user 1,000 kilometers 
from a transmitter receives the time signal about 3 milliseconds later than the on-time : 
transmitter signal. If time is needed to better than 3 milliseconds, correction must be : 
made for the signal to pass through the receiver. ' 
: In most cases standard time and frequency emissions as received are more than 
adequate for ordinary needs. However, many systems oxist for the more exacting scien- 
tific requirements. 
Astronomers, geodesists, navigators, and others using time based on the earth's , 
rotation (UT1) require that the emissions of Coordinated Universal Time (UTC) also | 
include the difference between UTC and UT1. This difference is discussed in art. 1827. | 
1828. Characteristic elements of dissemination systems—A number of common 
elements characterize most time and frequency dissemination systems. Among the 
; more important elements are accuracy, ambiguity, repeatability, coverage, avail- 
: ability of time signal, reliability, ease of use, cost to the user, and the number of users 
served. There does not now appear to be any single system which incorporates all 
desired characteristics. The relative importance of these characteristics will vary from 2 
one user to the next, and the kind of compromise solution for one user may not be satis- > 
; factory to another. Thesa common elements are discussed in the following examination 
of a possible radio signal. 
Consider a very simple system consisting of an unmodulated 10-kHz signal as 
shown in figure 1823. A positive going zero-crossing of this signal, leaving the trans- 
mitter at 0000 UTC, will reach the receiver at a later time equivalent to the propagation 
delay. The user must know this delay because the accuracy of his knowledge of time 
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Froure 1823,—Single tone time dissemination. 
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can be no better than the degree to which this delay is known. (By accuracy is meant 
the degree of conformity to some specified value or definition.) Since all cycles of the 
signal are identical, the signal is ambiguous and the user must somehow decide which 
cycle is the “‘on time” cycle. This means, in the case of the hypothetical 10-kHz signal, 
that the user must know the time te 4:50 microseconds (half the period of the signal). 
Further, the user may desire to use this system, say once a day, for an extended period 
of time to check his clock or frequency standard. However, it may be that the delay 
will vary from one day to the next, and if the user is unaware of this variation, his 
accuracy will be limited by the lack of repeatability of the signal arrival time. 

Many users are interested in making time coordinated measurements over large 
geographic areas. They would like all measurements to be referenced to one time 
system to eliminate corrections for different time systems used at scattered or remote 
locations. This is a very important practica] consideration when measurements are 
undertaken in the field. In addition, a one reference system, such as a single time 
broadcast, increases confidence that all measurements can be related to each other 
in some known way. Thus, the coverage of a system is an important concept. Another 
important characteristic of a timing system is the percent of time available. The man 
on the street who has to keep an appointment needs to know the time perhaps to a 
minute or so. Although he requires only coarse time information, he wants it on de- 
mand so he carries a wristwatch that gives the time to him 24 hours a day. On the 

_ other hand, ® user who needs time to a few microseconds employs a very good clock 

‘ which only needs an occasional update, perhaps only once or twice a day. An additional 

. characteristic of time and frequency dissemination is reliability, ie., the likelihood 
that a time signal will be available when scheduled. Propagation fadeout can sometimes 
prevent reception of HF signals. 

1824. Radio propagation factors.—Radio has offered good means of transferring 
standard time and frequency signals since the early 1900’s. As opposed to the physical 
transfer of time via portable clocks, the transfer of information by radio entails propa- 
gation of electromagnetic energy through some propagation medium from a trans- 
mitter to a distant receiver. 

In a typical standard frequency and time broadcast, the signals are directly re- 
lated to some master clock and are transmitted with little or no degradation in ac- 
curacy. In a vacuum and noise free background, the signals should be received at a 
distant point esscntially as transmitted, except for a constant path delay with the radio 
wave propagating near the speed of light (i.e., 299,773 kilometers per second). The 
propagation media, including the earth, atmosphere, and ionosphere, as well as physical 
and electrical characteristics of transmitters and receivers, influence the stebility 
and accuracy of received radio signals, dependent upon the frequency of the i:uns- 
mission and length of signal path. Propagation delays are affected in varying degrees 
by extraneous radiations in the propagation media, solar disturbances, diurnal effects, 
and weather conditions, among others. 

Radio dissemination systems can be classified in a number of different ways. 
One way is to divide those carrier frequencies low enough to be reflected by the iono- 
sphere (below 30 MHz) from those sufficiently high to penetrate the ionosphere 
(above 30 MHz). The former can be observed at great distances from the transmitter 
but suffer from ionospheric propagation anomalies that limit accuracy; the latter are 
restricted to line-of-sight applications but show little or no signal deterioration cansed 
by propagation anomalies. The most accurate systems tend to be those which use the 
higher, line-of-sight frequencies, while broadcasts of the jower carrier frequencies 
show the greatest number of users. 
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1825. Standard time broadcasts—The World Administrative Radio Council 
(WARC) has allocated certain frequencies in five bands for standard frequency el 
time signal emission as shown in table 1825. For such dedicated standard frequene 
transmissicns, the International Radiv Consultative Committee (CCIR) recom+ 
mends that carrier frequencies be maintained so that the average daily fractional] 
frequency deviations from the internationally designated standard for measurement 
of time interval should not exceed 1X107%. The U. S. Naval Observatory Time. 
Service Announcement Series 1, No. 2, gives characteristics of standard time signals 
that are assigned to allocated bands, as reported by the CCIR. 

1826. Time signals.—The usual method of determining chronometer error andi 
daily rate is by radio time signals, popularly called time ticks. Most maritime nations’ ” 
broadcast time signals several time: daily from one or more stations, and a vessel! 
equipped with radio receiving equipment normally has no difficulty in obtaining a: 
time tick anywhere in the world. Normally, the tine transmitted is maintained virtually’ 
uniform with respect to atomic clocks. The Coordinated Universal Time (UTC) as 
received by a vessel may differ fiom UT1 (GMT) hy as much as 029 (art. 1828). 

The majority of radio time signals are transmitted automatically, being controlled 
by the standard clock of an astronomical observatory. Absolute reliance may be had 
in these signals, and they should be correct to 0.05 second. Some stations trunsmit by) 
a combination of hand and automatic signals, and care should be exercised to differenti-j 
ate between the two at the time of actual comparison of the chronometer. 

Other radio stations, however, have no automatic transmission system installed,j 
and the signals are given by hand. In this instance the operator is guided by the standard} 
clock at the station. The clock is checked by either astronomical obseivations or by 
reliable time signals. The hand transmission should be correct to 0.25 second. 

At sea the spring-driven chronometer should be checked daily by radio time signal, 
and in port daily checks should be maintained, or begun at least three days prior to 
departure, if conditions permit. Error and rate are entered in the chronometer record 
book (or record sheet) each time they are determined. 

The various time signal systems used throughout the world are discussed in Pubs. 
Nos. 117A and 117B, Radio Navigational Aids, and volume 5 of Admiralty List of 
Radio Signals. Only the United States signals are discussed here. 

t 
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Band No. Frequency Range 


VLF (Very Low 20.0 kHz+50 Hz. 
Frequency). 


MF (Medium Fre- 2.5 MHz=5 kHz. 
quency). 


3.0 MHz+5 kHz. 
10.0 MHz+5 kHz. 
HF (High Frequency) 15.0 MHz+10 kHz. 
20.0 MHz+10 kHz. 
\25.0 MHz+10 kHz. 


UHF (Ultra High 400.1 MHz+25 kHz 
Frequency). (satellite). 


4.202 GHz+2 MHz 
(satellite-space to 

SHF (Super Hich earth). 
Frequency). 6.427 GHz+2 MHz 
(satellite-earth to 

space). 


TasLe 1825.—International standard time and frequency radio assignments. 




























































































































































































































































The U.S. Naval Observatory at Washington, D.C., controls the transmissions of 
time signals from U. S. Naval radio stations, Beginning at 5 minutes before each even 
hour of GMT, dashes are transmitted on every second, except the 29th and certain 
others near the ond of each minute, as shown in the following diagram: 


Minutes | Seconds | 
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The seconds marked “60” indicate the start of the next minute. The final dash, 
: merking the hour, is considerably longer than any of the others. The number of dashes 
: in the group near the end of eny minute indicates the number of minutes before the 
hour. This is known as the United States system. In all cases the beginnings of the 
dashes indicate the beginning of the seconds, and the ends of the dashes are without 
significance. 
Although the broadcasts of the National Bureau of Standards (NSB) stations 
WWV and WWVH are intended primarily for dissemination of frequency and time 
interval for scientific purposes, time ticks are also provided. 
. Station WWV broadcasts from Fort Collins, Colorado at the international allocated 
‘ frequencies of 2.8, 5.0, 10.0, 15.0, 20.0, anc 25.0 MHz; station WWVH transmits 
' ‘from Kauai, Hawaii on the same frequencies with the exclusion of 25.0 MHz. The 
hourly broadcast formats are shown in figure 1826. The broadcast signals include 
standard time and frequencies and various voice announcements. Details of these 
_broadeasts are given in NBS Special Publication 236, NBS Frequency and Time 
Broadcast Services. Both HF emissions are directly controlled by cesium beam frequency 
standards with periodic reference to the NBS atomic frequency and time standards; 
corrections are published monthly. 

The time ticks in the WWV and WWVH emissions are shown in figure 1826. The 
1-second UTC markers are trausmitted continuously by WWV and WWVH, except 
for omission of the 29th and 59th marker each minute. With the exception of the 
beginning tone at each minute (800 milliseconds) all 1-second markers are of 5 milli- 
seconds duration. Each pulse is preceded by 10 milliseconds of silence and followed 
by 25 milliseconds of silence. Time voice announcements are given also at 1-minute 
intervals, All time announcements are UTC. 

1827. Codes for the transmission of DUT1.—The difference between UTC and 
and UT1 is known as DUT1, the relationship being DUT1=UT1—UTC. By means 
of a coding system incorporated in the actual emissions, primary time signal sources 
promulgate DUT! in integral multiples of 100 milliseconds. 

‘ The CCIR standard format is in the form of emphasized second markers utilizing 
ae the first 15 seconds following the minute marker. The emphasis of the second markers 
can take the form of lengthening, doubling, splitting, or tone modulation of the normal 

seconds markers. Each emphasized second represents a DUT1 vaiue of 01. 

A positive value of DUT! is indicated by emphasizing a number (n) of consecutive 
seconds markers following the minute marker from seconds markers one to seconds 
marker (n) inclusive; (n) is an integer from 1 to 8 inclusive (fig. 18272). 


DUTi=(nX0.1)s. 




































































































































































































































































TIME 
WWV BROADCAST FORMAT 
Wea TELEPROUL (393) 499-2101 
(ROT A TOU fate mewatAy STATION 10 








+ cyt ne RC A 
* i un : 


a9 
Ayto ~ staseevescentiovomte pRorasarion 
reat Petes thew tens Wen ' 


ad roatcasts 
Suer-wen | teeme tte 
eens wee 













JS was sdb aw 
wT Ceaarerges 


908 Ab oTpe as mrtamaTee Coeract 
VS G1enateges oF ComMRCE 
RAT ONA, Ovatey OF Grantees 


Sr 
cstevtert tan seanoeniracomcen crea) ASS en 


Bont Co onabe 00707 








@ Gl Ciming OF Cale HOGA DS IOLATINES BY 
OE SICEND LORE 3509 He TONE 
@ cigmuras oF Late wiayté ts DEeTHO OF 
98 SECOND LOE 1000 me TONE 


@ el Thee BAH SECCUD POISE OF EACH MINUTE ts OMNTITO 


ate 


STATION 10 ATM MESSAGES 
Mueuten 


WWVH BROADCAST FORMAT VIA TELEPHOME 1698) 395-4362tWOT A TOLL Fate weMEER) 


ACCdme caves mawen OE 


STAWSARD DEOEECAST levine 
AN9 Gnomes rome 











Bemme Sew Ne tow 
sewn ow 


SPtCias 
Akon e 
‘on ey 


$00 Hs Tox 


vie cqnererces 


Pon Reem teas mr cewation Contac? 
v8 DtPsarwtey oF Commrnce 





WSGINAING OF LACH HODR tS FOENTERO BY 
OS SECOND LONS 1500 He TONE 


@CeCmmine OF LACH MimOTE IS LOEMTINED BY 
98 SECOND LORE 1200 He TORE 


@ Tuk 29m & Soe SECOMD POISE OF EACM WONOTE 1S CONTTID 





* 
station sel 
Atha MESSAGES 


Ficure 1826.—Broadcast format of stations WWV and WWVH. 


Minute 
Marker Emphasized sec’. i markers 


0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15416 
Limit of coded sequence | 
DUT1 =+0.5S | 





Minute | 
Marker Emphasized second markers | ; 
A RERas aR Ir | 


0 1 2 3 4 5 9 7 g8 9 10 11 12 13 14 #15416 
Limit of coded sequence | 
DUT1 =—0.2S 


Fiaure 1827a.—CCIR code for transmission of DUT. 


ae 














MM 




































































































































































TIME 493 


A negative value of DUT! is indicated by emphasizing a number (m) o1 -nsecu- 
tive seconds markers following the minute marker from seconds marker nine to seconds 
marker (8-++m) inclusive; (m) is an integer from 1 to 8 inclusive. 


DUT1=—(mX0.1)s. 


A zero value of DUT1 is indicated by the absence of emphasized seconds markers. 

The National Bureau of Standards stations WWV and WWVH transmit DUT1 
using the CCIR standard format. The CCIR standard format is used by most co- 
ordinated stations, including CHU, Canada. 

In the USSR extended format, the CCIR format is followed for DUT1. In addi- 
tion dUT1 is given to specify more precisely the difference UT1—UTC to multiples 
of 0202, the total value of the correction being DUT1+dUTi. Positive values of 
dUT1 are transmitted by the marking of p second markers between the 2ist and 24th 
second (fig. 1827b) so that dUT1=(pX0.02)s. Negative values of dUT1 are transmitted 
by the marking of q second markers between the 31st and 34th second, so that dUT1= 
-- (qX0.02)s. 


dUT1 = + 0.06S 


Emphasized seconds markers | 
———— 


RIAN UUU UU Ue 


21 22 23 24 #25 26 27 28 29 30 31 32 33 34 35 36 37 


dUT1 =— 0.085 


Emphasized seconds markers 
, , | 


21 22 23 24 25 26 27 28 29 20 31 32 33 34 | 35 36 37 


Limit of coded sequence for svi 


Fiagure 182"b.--USSR extended format for transmission of dUT1. 


DUT! may alse. be given by voice announcement or in Morse code. In the Morse 
code method, U. &. Naval Radio Stations use standard Morse code (15 words per 
minute) between s:conds 56 and 59 inclusive of each minute not used for time ticks 
to indicate the sign and vaiue in tenths of a second of DUTI. Positive values are 
indicated by the letter “A” and the appropriate digit; negative values are indicated 
by the letter “S” and the appropriate digit. 


Standard Morse 
A.— s.. 
Lins Giese 
2a eae Iai ees a 
Oi e6 ees SSS ity. 
ES sae eee OF eS eares-e 
Dive eck es Oates 


For example: 
ee .————” means DUTI=—0'1 and UTI=UTC—011. 
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Pubs. Nos. 117A and 117B, Radio Navigational Aids, should be referred to for up- 
to-date information on time signals. 

1828. Leap-second adjustments.—By international agreement, UTC is maintained | 
within about 0'9 of the celestial navigator’s time scale, UT1. The introduction of leap j 
seconds allows a good clock to keep approximate step with the sun. Because of the 
variations in the rate of rotation of the earth, however, the occurrences of the leap } 
seconds are not predictable in detail. 

The Bureau International de l’Heure (BIH) decides upon and announces the i in- | i 
troduction of a leap second. The BIH announces the new leap second at least several . 
weeks in advance. A positive or negative leap second is introduced the last second of a 
UTC month, but first preference is given to the end of December and June, and second ; ° 
preference is given to the end of March and September. A positive leap second begins ; 
at 23°59™60° and ends at 00°00™00° of the first day of the following month. In the case | | 
of a negative leap second, 23°59™58° is followed one second later by 00°00700* of the | 
first day of the following month. : 

The dating of events in the vicinity of a leap second is effected in the manner | 
indicated in figures 1828a and 1828b. 


Event 


da second Designation of 1 date of the event 
1 2 


| 
3 30 June, 23h 59M 60.65 UTC 


30 June, 234 59m : 1 July, Oh Om 


Fieure 1§28a.—Dating of event in the vicinity of a positive leap second. 


f 


Designation of tae date of the event 


’ 
il we 


1 Tal hh 


30 June, 23h 59m 58.98 UTC 


t 
pla at ow 


4 
2 


AN lt wt da 


3u June. 23h 59m 1 July, OhOm 


Fieure 1828b.—Dating of event in the vicinity of a negative leap second. 


Whenever leap second adjustments are to be made to UTC, mariners are advised | 
by HYDROLANT/HYDROPAC messages originated by the Defense Mapping Agency e ~ 
Hydrographic Center. 
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Problems 


1810a. What is the time and date 913"29* before 3°16734* May 9? 

Answer.—T 18°03705* May 8. 

1810b. What is the time and date 4°19°22"50* after 9°31™04* on December 25? 

Answer.—T 4°53"54° on Dec. 30. 

1810c, What is the time and date 2 years, 11 months, 16 days, 10 hours, 23 minutes, 
and 48 seconds before 2°46717* on October 4, 1958? 

Answer.—T 16°22729* on Out. 17, 1955. 

1810d. What is the time and date 412 days, 15 hours, 6 minutes, and 56 seconds 
after 22°27703* on March 16, 1958? 

Answer.—T 13°3359* on May 3, 1959. 

18ila. Convert 6°28731° to arc units, without use of a conversion table. 

Answer.—97 °07'45" or 97°07'8. 

1811b. Convert 217°28/8 to time units, without use of a conversion table. 

Answer.—14"29™35%2 or 14529™55°. 

1811c. Convert 196°21'46” to time units, without use of a conversion table. 

Answer.—13"05"2721 or 13°05"27°. 

1811d. Convert 107°49'44” to time units, using appendix F. 

Answer.—7"11719°. 

18ile. Convert 211°37/3 to time units, using appendix F. 

Answer.—14°06"29!2. 

1811f. Convert 8°49"33° to arc units, using appendix F. 

Answer.—132 °23°2. 

1811g. Convert 251°09/2 to time units, using appendix G. 

Answer.—16°44™37°. 

1811h. Convert 23°07738° to arc units, using appendix G. 

Answer.—346 °54/5. 

1814a. For an observer at long. 97°24/6E the ZT is 19°10726°. 

Required. —(1) Zone description. 

(2) GMT. 

Answers.—(1) ZD (—) 6, (2) GMT 13"10™26°. 

1814b. The GMT is 11°32707°. 

Required —(1) ZT at long. 133 °24'7W. 

(2) ZT at long. 111°43°9E. 

Answers.—(1) ZT 2°32707°, (2) ZT 18°32707°. 

1814c. At long. 165°18/2E the ZT is 17°08"51* on July 11. 

Required —(1) GMT and date. 

(2) ZT and date at long. 125°36'7W. 

Answers.—(1) GMT 6°08751* on July 11, (2) ZT 22°08"51° on July 10. 

1814d. On January 26 the 0800 DR long. of a ship is 128°03'2E. Twenty-six 
hours later the EP Jong. is 125°01'4E. 

Required —ZT and date of arrival at the second longitude. 

Answer.—ZT 0900 Jan. 27. 

1814e. On April 1 the i200 running fix jong. of a ship is 179°55‘/2W. Hight hours 
Jater the DR long. is 178°48/9E. 

Required.—ZT and date of arrival at the second longitude. 

Answer.—ZT 2000 Apr. 2. 


ema 





































































































































ee eee ne NHR 


mT 


Me 


= ake _ 


rm 


LUI a 



































1814f. Inch’dn, long. 137°E, uses ZD (—) 830" for standard time. Find the 
standard time and date at San Frencisco, long. 122°W, when the sumu..er time at 
Inch’6n is 2000 on August 9. 

Answer.—ZT 0230 Aug. 9. 

1815a. At GMT 1400 on July 2 the chronometer reads 1°42728°. At GMT 0800 
on July 12 it reads 7°42™40°. 

Required —(1) Chronometer error at GMT 1400 on July 2. 

(2) Chronometer error at GMT 0800 on July 12. 

(3) Chronometer rate. 

(4) Chronometer time at ZT 1800 July 20, at long. 153°21:7W. 

Answers.—(1) CE 17%32° slow, (2) CE 17720° slow, (3) rate 182 gaining, (4) C 
3°42™51°. 

1815b. On March 5 the DR long. of a ship is about 151°, and the zone time‘ 
is about 1800. Chronometer error is 6"40* fast. 

Required —GMT and date when the chronometer reads 8"02"23°. 

Answer.—GMT 7°55"43° on Mar. 5. 

1815c. On November 7 the EP long. of a ship is about 71°W, and the zone time 
is about 1900. Chronometer error is 1718° slow. 

Required —GMT and date when the chronometer reads (1) 11°55™20°, (2) 11°59"50°. | 

Answers.—(1) GMT 23"56"38* Nov. 7, (2) GMT 0°01708° Nov. 8. i 

1815d. At GMT 2200 a comparing w atch i is checked by time signal, and found to i 
read 10°00705*. The chronometer errors are then determined by means of the com- 
paring watch. When the watch reads 10°06700*, chronometer reads 10°11717%, and : 


cn ee mn NRO 


when the watch reads 10°08700*, chronometer B reads 9°59™06°. 

Required.—(1) Watch error. 

(2) Error of chronometer A. 

(3) Error of chronometer B. 

Answers.—(1) WE 5° fast on GMT, (2) CE, 5"22° fast, (3) CEs 8749° slow. 

18%6a. A chronometer 7"22* slow on GMT reads approximately 3°45". About 
two minutes later, when the GMT is a whole minute, a comparing watch will be set 
to GMT exactly. 

Required.—(1) Reading of the watch at starting. 

(2) Reading of the chronometer. 

Answers—(1) WT 354700, (2) C 346385, 


1816b. A chronometer 5"10° fast on GMT reads approximately 5°50". About one | : ; 
minute later, when the GMT is a whole minute, a comparing watch with a 24-hour | : 


dial will be set to GMT exactly. The ZT is approximately 1145 and the long. 94°W. ; 
Required.—(1) Reading of the watch at starting. 


(3) Watch error if, instead of being set to GMT, the watch setting is unchanged | : 


and the watch reads 17°45"32* at comparison. 

Answers.—(1) WT 17°46700°, (2) C 5°51™10°, (3) WE 28° slow on GMT. 

1816c. A watch is set to zone time, approximately. The long. is about 160°E. | 
The watch is compared with a chronometer which is 3"16* fast on GMT. When the 
chronometer reads 1°48700°, the watch reads 12545702". 

Required —Watch error on zone time. 

Answer —WE 18* fast on ZT. 

1816d. On February 14 the DR long. is 63°46/1W. An observation of Dubhe is 
made when the watch reads 6°07730° pm. The watch is 11° slow on zone time. 
Required —GMT and date. 
Answer —GMT 22°07741* Feb. 14. 


| ‘ 
(2) Reading of the chronometer. | es 
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1816e. On December 11 a watch is set to zone time, approximately. The long. is 
137°W. The chronometer is 336° fast on GMT. When the chronometer reads 4°40700*, 
the watch reads 7°36706° pas. 
Required —(1) Watch error on GMT. 

(2) GMT and date about 20 minutes later, when the watch reads 7°55™52°. 
Answers.—(1) WE 2°59742° fast on tMT, (2) GMT 4°56710° Dec. 12. 

1816f. Shortly before taking morning sights on January 17 the navigator compares 
his watch with the chronometer. When the chronometer reads 2°30700*, the watch 
reads 6°13712° am. The chronometer is 17715" fast on GMT. The long. is 118°W. 


Required —(1) C—WT. 


(2) GMT and date a little Jater when Regulus is observed at W 6'28747° aat. 


Answers.—(1) C—WT 8°16748", (2) GMT 14°28"20° Jan. 17. 
18i7a. At long. 188°09/3E the LMT is 0°0957* on April 23. 


Required —(1) GMT and date. 

(2) ZT and date at the place. 

Answers.—(1) GMT 14°57"20° Apr. 22, (2) ZT 23°5720° 
1817b. At long. 157°18/4W the LMT is 1931 on June 29. 


Required. —(1) ZT and date. 
(2) GMT and date. 


Answers.—(1) ZT 2000 June 29, (2) GMT 0600 June 30. 
1817c. At long. 99°35‘7W the daylight saving time is 21°29745* on August 31. 
Required.—(1) Standard time and date. 


(2) LMT and date. 


Answers —(1) Standard time 20°29745° Aug. 31, (2) LMT 20°51™22* Aug. 31. 
1818a. Find the LAT and date at ZT 5°26"13° on June 12, 1975, for long. 9°28/1E. 
Answer —LAT 5°04721* June 12. 


4 
aa 


pr. 22. 


1818b. At long. 77°15/5W the LAT is 1500 on June 13, 1975. 


Required. —(1) ZT. 
(2) LMT. 


Answers.—(1) ZT 15%08"56%, (2) LMT 14"59™54°. 

1818c. Using the Air Almanac, find (1) LAT at long. 117°55’W, and (2) the Eq. 
T, at ZT 20°43709* on June 1, 1975. 

Answers.—(1) LAT 20°53™44%, (2) Eq. T (+) 2715°*. 

1819a. Find LST at ZT 19°24™26* on June 1; 1975, for long. 87°51/2E. 


Answer.—LST 11553™29°, 


1819b. Find the ZT at LST 21520707? on May 31, 1975, for long. 54°21/3W. 


Answer.—ZT 4°24™40°, 
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CHAPTER XIX 
THE ALMANAC 


1901. Intreduction.—A requirement of celestial navigation is the availability of 
accurate predictions of the positions of the celestial bodies used. These predictions, 
with respect to the celestial equator system of coordinates (art. 1428), are contained in 


three publications of the United States Naval Observatory. The solution for a celestial - 
line of position consists principally of the conversion of tabulated coordinates to those -, 


on the horizon system of coordinates (art. 1430). 

The American Epnemeris and Nautical Almanac gives, to a high precision, de- 
tailed information on a large number of celestial bodies. This annual publication is 
arranged to suit the convenience of the astronomer, for whom it is primarily intended. 
The ephemeris is not needed for ordinary purposes of navigation, although it contains 


some information of general interest, such as various astronomical constants, details of : 


eclipses, information on planetary configurations (art. 1422), and miscellancous 
phenomena. Each volume of the ephemeris contains instructions for its use. 

With the editions for 1960, The American Ephemeris and Nautical Almanac issued 
by the Nautical Almanac Office, United States Naval Observatory, and The Astro- 
nomical Ephemeris issued by H. M. Nautical Almanac Office, Royal Greenwich 
Observatory, were unified. With the exception of the introductory pages i, 1i and 
vi-viii, the two publications are identical; tney are printed separately in the two 
countries, from reproducibie material prepared partly in the United States ond partly 
in the United Kingdom. 

The title The Astronomical Ephemeris replaced, without loss of continuity of 
content, the previous title of The Nautical Almanac and Astronomical Ephemeris 
(usually abbreviated to The Nautical Almanac), which was iniroduced by Nevil 
Maskelyne for the original British edition of 1767; the title The Nautical Almanac is 
now used, in both the United Kingdom and the United States, for the unified edition 
of the Almanacs for surface navigation previously entitled The Abridged Nautical 
almanac and The simerican Nautical Almanac respectively. 

The Nautical Almanac, an annual publication, contains the astronomical infor- 
mation needed by the marine navigator. It is conveniently arranged to suit his needs, 
and the information is tabulated to a practical degree of precision, in general to the 
nearest 0/1 of arc and 1° of time, at hourly intervals. Beginning with the edition for 
1958, this volume is a joint publication of the U.S. Naval Observatory and H. M. 


Nautical Almanac Office, Royal Greenwich Observatory, and incorporates a number of } 
changes from previous editions. Extracts from the Nauticul Almanac f 1975 are! . 


given in appendix F. These extracts, illustrating the various features of th: publica- 
tion, can be used in the solution of the various illustrative and sample preb« ns cf ihe 
present volume. 

The Air Almanac, published two times per year, is intended primarily for air 
navigators. In general, the information is similar to that of the Nautical Almanac, 
but is given to a precision of 1’ of arc and 1* of time, at intervals of 10” (values for the 
sun and Aries are given to a precision of 0/1). This publication is suitable for ordinary 
navigation at sea, but may lack the precision that is sometimes needed. The Air Almanac 
is a joint publication of the U.S. Naval Observatory and H. M. Nautical Almanac 
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THE ALMANAC 499 


Office, Royal Greenwich Observatory. Extracts from the Air Almanac are given in 
appendix G. 
A highly abbreviated, long-term almanac is given in appendix H. Because of the 
‘ large intervals between entries, and the fact that no provision is made for nutation, 
information taken from this almanac may be of reduced accuracy. Although this 
accuracy is sufficient for most purposes of navigation, the almanac is not as convenient 
to use as either of those published by the U. S. Naval Observatory, and is not recom- 
mended when one of them is available. Instructions for its use are included in 
. appendix H. 

The Explanatory Supplement to the Astronomical Ephemeris and to the American 
Ephemeriz and Neutical Almanac, first published in 1961, contains detailed explanations 
of the basis and derivation of each ephemeris in the edition for 1960; it also contains 
historical notes and other useful information and permanent tables that aze not given 
in the almanacs. The second edition, published in 1974, contains footnotes indicating 
the changes that have been introduced into the ephemerides since 1960. It also includes 
a reprint of The Supplement to A.E. 1968, which gives an account of the introduction of 
the IAU System of Astronomical Constants. The Explanatory Supplement is published 
: by H.M. Stationery Office, London. 

1902. Nautical Almanac.—The major portion of the Nautical Almanac is devoted 
to hourly tabulation of Greenwich hour angle and declination, to the nearest 0/1 of arc. 
~ On each set of facing pages, information is given for three consecutive days. On the left- 

oe * hand page, successive columns give GHA of Aries and both GHA and declination of 
; Venus, Mars, Jupiter, and Saturn, followed by the SHA and declination of 57 stars. 
' The GHA and declination of the sun and moon, and the horizontai parallax of the 
~ moon, are given on the right-hand page. Where applicable, the quantities 7 and d are 
" given to assist in interpolation. The quantity v is the difference between the actual 
; change of GHA in one hour and a constant value used in the interpolation tables, while d 
is the change in declination in one hour. Both v and d are given to the nearest 071. To 
the right of the moon data is given the LMT (art. 1817) of sunrise, sunset, and begin- 
ning and ending of nautical and civil twilight for various latitudes from 72°N to 60°S. 
The LM® of moonrise and moonset at the same latitudes is given for each of the three 
days for which other information is given, and for the following day. Magnitude (art. 
1405) of each planet at GMT 1200 of the middle day is given at the top of the column. 
The GMT (art. 1814) of transit across the celestial meridian of Greenwich is given as 
“Mer. Pass.” The value for the first point of Aries for the middle of the three days is 
given to the nearest 0™1 at the bottom of the Aries column. The time of transit of the 
planets for the middle day is given to the nearest whole minute, with SHA (2t GMT 
0000 of the middle day) to the nearest 0/1, below the list of stars. For the sun and 
moon, the time of transit to the nearest whole minute is given for each day. Fer tie 
moon, both upper and lower transits are given. This information is tabulated below the 
3 rising, setting, and .wilight information. Given there, also, are the equation of time for 
wz 0” and 12", and the age and phase of the moon (art. 1423). Equation of time is given, 
: without sign, to the nearest whole second. Age is given to the nearest whole day. Phase 
is given by sy mbol. 
The main tabulation is preceded by a list of religious and civil holidays, phases 
} of the moon, a calendar, information on eclipses occurring during the year, and notes 
gee and a diagram giving information on the planets. 
= The main tabulation is followed by explanation and examples. Next are four 
a pages of standard times (zone descriptions) in use in various places in the world. Star 
= ‘ charts are given next, followed by a list of 173 stars in order of increasing sidereal hour 
a ; angle. This list includes the stars given on the daily pages. It gives the SHA and 
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declination eech month, and the magnitude. Stars are listed by Bayer’s name and also } 
by popular name where there is one. Following the star list are three pages of Polaris { 
tables giving the azimuth and the corrections to be applied to the observed altitude to | 
find the latitude. Next is a table for converting arc to time units. This is followed by i 
a 30-page table called ‘Increments and Corrections,” used for interpolation of Green- | 
wich hour angle and declination. This table is printed on tinted paper, for quick | 
location. Then come tables for interpolating for times of rising, setting, and twilight; 
followed by two indices of the 57 stars listed on the daily pages, one index being in 
alphabetical order, and the other in order of decreasing SHA. 

Sextant altitude corrections are given at the front and back of the almanac. 
Tables for the sun, stars, and planets, and a dip table, are given on the insid= front 
cover and facing page, with an additional correction for nonstandard temperature and 
atmospheric pressure on the following page. Tables for the moon, and ar abbreviated 
dip table, are given on the inside back cover and facing page. Use of the altitude 
correction tables is explained in chapter XVI. Corrections for the sun, stars, and 
planets for altitudes greater than 10°, and the dip table, are repeated on one side of a 
loose bookmark. The star indices are repeated on the other side. 

1903. Air Almanac.—As in the Nautical Almanac, the major portion of the Air 
Almanac is devoted to a tabulation of GHA and declination. However, in the dir. 





Almanac values are given at intervals of ten minutes, to a precision of 0/1 for the sun f 
and Aries and to a precision of 1’ for the moon and the planets. Values are given for ; 


the sun, first point of Aries (GHA only), the three navigationa. planets most favorably 
located for observation, and the moon. The magnitude of eech planet listed is given 
at the top of its column, and the phase of the moon is given at. the top of its column. 
Values for the first 12 hours of the day are given on the right-hand page, and those for 
the second half of the day on the back. In addition, the right-hand page has a table of 
the moon’s parallax in altitude, and below this the semidiameter of the sun, and both 
the semidiameter and age of the moon (art. 1423). Each daily page includes the LMT 
of moonrise and moonset; and a difference column for finding the time of moonrise 
and inoonset at any longitude. 

Critical tables for interpolation for GHA are given on the inside front cover, 
which also has an alphabetical listing of the stars, with the number, magnitude, SHA, 
and declination of each. The same interpolation table and star list are printed on a 
flap which follows the daily pages. This flap also contains a star chart, a star index in 
order of decreasing SHA, and a table for interpolation of the LMT of moonrise and 
moonset for longitude. 

Following the flap are instructions for the use of the almanac; a list of symbols 
and abbreviations in English, French, and Spanish; a list of time differences between 
Greenwich and various other places; a number of sky diagrams (art. 2212); a planet 
location diagram (art. 2209); star recognition diagrams for periscopic sextants; sunrise, 
sunset, and civil twilight tables; rising, setting, and depression graphs; semiduration 
graphs of suniight, twilight, and moonlight in high latitudes; list of 173 stars by number 
and Bayer’s name (also popular name where there is one), giving the SHA and declina- 


tion each month (to a precision of 0/1), and the magnitude; tables for interpolation of | 


GHA sun and GHA Aries; a table for converting arc to time; a single Polaris correction 
table; an aircraft standard dome refraction table: a refraction correction table; a 
Coriolis correction table; and on the inside back cover a correction table for dip of 
the horizon. 

1904. Use of the almanacs.—The time used as an entering argument in the almanacs 
is 12° + Greenwich hour angle of the mean sun and is denoted by GMT. This scale 
muy differ from the broadcast. time signals by an amount which, if ignored, will intro- 























































































































































































































THE ALMANAC 501 


duce an error of up to 0/2 in longitude determined from astronomical observations. 
The difference arises because the time argument depends on the variabie rate of rotation 


_of the earth while the broadcast time signals are now based on an atomic time-scale. 


Step adjustments of exactly one second are made to the time signals as required (pri- 
marily at 24" on December 31 and June 30) so that the difference between the time 
signals and GMT, as used in the almanacs, may not exceed 0°9. Those who require to 


reduce observations to a precision of better than 1° must therefore obtain the correction 


to the time signals from coding in the signal, or from other sources. The correction may 
be applied to each of the times of observation. Alternatively, the longitude, when 
determined from astronomical observations, may be corrected by the borresponding 
amount shown in the following table: 


Correction to time signals Correction to longitude 
> a 


—087 to ~—0°9 0/2 to east 
—C056 to —083 0/1 to east 
—082 to +082 no correction 
+023 to +096 071 to west 
+087 to +089 0/2 to west 


The main contents of the almanacs consist of data from which the Greenwich 
hour angle (GHA) and the declination (Dec.) of all the bodies used for navigation 
can be obtained for any instant of Greenwich mean time (GMT). The local hour 


“angle (LHA) can then be obtained by means of the formula: 


— west 
LHA=GHA longitude. 
+ east 


For the sun, moon, and the four navigationsl planets, the GHA and declination 
.7e tabulated directly in the Nautical Almanac for each hour of GMT throughout the 
year; in the Air Al nanac, the values are tabulated for each whole 10" of GMT. For the 
stars the sidereal hour angle (SHA) is given, and the GHA is obtained from: 


GHA Star=GHA Aries+SHA Star. 


The SHA and declination of the stars change slo. 'v and may be regarded as con- 
stant over periods of several days or even months if lesser accuracy is required. The 
SHA and declination of stars tabulated in the Air Almanac may be considered constant 
to a precision of 1/5 to 2’ for the period covered by each of the volumes providing the 
data for a whole: ar, wich most data being closer to the smaller value. GHA Aries, or 
the Greenwich hvur angle of the first point of Aries (the vernal equinox), is tabulated 
for each hour of GMT in the Nautical Almanac and for each whole 10" of GMT in the 
Air Almanac. Permanent tables give the appropriate increments to the tabulated values 
of GHA and declination for the minutes and seconds of GMT. 

In the Nautical Almanac, the permanent table for increments also includes correc- 
tions for v, the difference batween the actual change of “HA in one hour and a constant 
value used in the interpolation tables and d, the ch ye in declinavion in one hour. 

In the Nautical Almanac, v is always positive unler a negative sign (—) is given. 
This can occur only in the case of Venus. For the sun, the tabulated values of GHA 
have been adjusted to reduce to a minimum the error caused vy treating v as negligible; 
there is no » tabulated for the sun. 

No sign is given for tabulated values of d, which is positive if declination is in- 
creasing, and negative if it is decreasing. The sign of a v or d value is given also to the 
related correction. 
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In the Air Almanac, the tabular values of the GHA of the moon are adjusted so 
that use of an interpolation table based on a fixed rate of change gives rise to negligible 
error; no such adjustment is necessary for the sun and planets. The tabulated decline tion 
values, except for the sun, are those for the middle of the interval between the time 
indicated and the next following time for which a value is given, making interpolation 
unnecessary. Thus, it is always important to take out the GHA and declination for 
the tabular GMT immediately before the time of observation. 

In the Air Almanac, GHA Aries and the GHA and declination of the sun are tabu-: 
late} to a precision of 0/1. If these values are extracted with the tabular precision, the: 
“Interpolation of GHA” table on the inside front cover (and flap) should not be used;, 
use the “Interpolation of GHA Sun” and “Interpolation of GHA Aries” tables, asi 
appropriate. These tables for interpoletion to a precision of 0/1 just precede the Polaris} 
Table. : 


The instructions in the explanation of each volume to ignore the decimal in smaller: 


type when extracting GHA Aries and GHA and declination of the sun to a precision of! ° 


1’ instead of rounding-off in the normal way are intended for the air navigator. 

1905. Finding GHA and declination of the sun.—Nautical Almanac. Enter the 
daily-page table with the whole hour next preceding the given GMT, unless this time: 
is itself a whole hour, and take out the tabulated GHA and declination. Record, also,| 
the d value given at the bottom of the declination column. Next, enter the increments 
and corrections table for the number of minutes of GM'T. If there are seconds, use 
the next earlier whole minute. On the line corresponding to the seconds of GMT ae 
the value from the sun-planets column. Add this to the value of GHA from the daily 


page to find GHA at the given time. Next, enter the correction table for the samo} 
minute with the d value, and take out the correction. Give this the sign of the d value, 
and apply it to the declination from the daily page. The result is the declination at 
the given time. 

Example 1—Find the GHA and declination of the sun at GMT 18°24"37* on 
June 1, 1975, using the Nautical Almanac. 


Solution.— 


Sun Sun 
GMT 18°24™37* June 1 GMT 18°24"37¢ June 1 
18" ~90°3473 18" “29°02'5N d(+-)0/3 
24™378 6°93 dcorr. (+)0/1 
GHA ~96°4376 Dec. 22503/6N | 


The correction table for GHA of the sun is based upon a rate of change of 15°] 
per hour, the average rate during a year. At most times the rate differs slightly from! 
this. The slight error thus introduced is minimized by adjustment of the tabular values.| 

The d value is the amount that the declination changes between 1200 and 1300 on), 
the middle day of the three shown. ;. 

Air Almanac. Enter the daily page wich the whole 10™ next preceding the given] 
GMT, unless the time is itself 2 whole 10", and extract the tabulated GHA. The} 
declination is extracted, without interpolation, from the same line as the tabulated] 
GHA or, in the case ef planets, the top line of the block of six. If the values extracted! 
are rounded to the rearest minute, next enter the “Interpolation of GHA” table on thef 
inside front cover (rnd flap), using the “Sun, etc.” entry column, and take out the} 
value for the remairing minutes and seconds of GMT. If the entry time is an exact§ 
tabulated value, use the correction given half a line above the entry time. Add thisg 
correction to the GHA teken from the daily page to find the GHA at the given time. No. 
adjustment of declination is needed. If the values are extracted with a precision of 011, 
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the table for interpolating the GHA of the sun to a precision of 0/1 must be used. No 
adjustment of declination is needed. 

Example 2.~¥ind the GHA and declination of the sun at GMT 18"24™37* on 
June 1, 1975, using the Air Almanac. 


Solution.— 
Sun Sun 
GMT 18"24"378 June J GMT 18'24"378 June 1 
18°20" 95°34’ 18"20" 95°3413 
4™37° 1°09’ 4m378 1°0973 
GUA 96°43" GHA — 96°43'6 
Dec. 22°03/N Dee. 22°02'6N 


1906. Finding GHA and declination of the moon.—Naut ‘cal Almanac. Enter the 
daily-page table with the whole hour next preceding the given GMT, unless this time 
. is itself a whole hour, and take out the tabulated GHA and declination. Record, also, 
the corresponding v and d values tabulated on the same line, and determine the sign 
of the d value. The » value of the moon is always positive (+), are "3 not marked in 
the almanac. Next, enter the increments and corrections table fez... sautes of GMT, 
and on the line for the seconds of GMT take the GHA correci.ou trom the moon 
column. Then, enter the correction table for the same minute with the v value, and 
extract the correction. Add both of these corrections to the GHA from the daily page 
«to obtain the GHA at the given time. Then, enter the same correction table with the 
_d value, and extract the correction. Give this correction the sign of the d value, and 
apply it to the declination from the daily page ty find the declination at the given time. 

Example 1.—Find the GHA and declinaiion of the moon at GMT 21"25™44* on 
June 1, 1975, using the Nautical Almanac. 

Solution — 


Moon Moon 
GMT 21"25"448 June 1 GMT 21"25™44* June 1 
21" 995°9877 21" “3°0678S d(—)10!7 
25™44* —- G°OSTA r(+) 15/8 dorm, = (~—)445 
veorr.  (+)6!7 Dec. 3°02/3S 


GHA 231°43/2 


The cvrrection table for GHA of the moon is based upon the minimum rate at 
which the moon’s GHA increases, 14°19/0 er hour. The » correction makes the adjust- 
ment for the actual rate. The » value itself is the difference between the minimum 
rate and the actual rate during the hour ollowing the tabulated time. The d value is 
the amount that the declination changes during the hour following the tabulated time. 

Air Almanac. Enter the daily page with the whole 10" next preceding the given 
GMT, unless this time is itself a whole 10", and take out the tabulated GHA and ‘he 
declination, without interpolation. Next, enter the “Interpolation of GHA” table on 
the inside front cover, using the “moon” entry column, and take out the value for the 
remaining minutes and seconds of GMT. If the entry time is an exact tabulated value, 
use the correction given half a line above the entry time. Add this correction to the 
GHA taken from the daily page to find the GHA at the given time. No adjustment of 
declination is needed. 

Example 2.—Find the GHA and declination of the moon at GMT 21525™44* 
on dune 1, 1975, using the Air Almanac. 
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Solution.— 
Moon 
GMT 2152544" June 1 
21°20" 230°20’ 
5™448 1°23’ 
GHA = 231°43’ 
Dec. 3°02’S 


The declination given in the table is correct for the time five minutes later than 
tabulated, so thet it can be vsed for the ten-minute interval without interpolation, to an 
accuracy to meet most requirements. If greater accuracy is needed, it can be ot ined 
by interpolation, rememberirg to allow for the five minutes indicated above. 

1907. Finding GHA and declination of a planet.—Neutical Almanac. Enter the! 
daily-page table with the whole hour next preceding the given GMT, unless the time; 
itself is a whole hour, and take out the tabulated GHA and declination: Record, also, 
she v value given at the bottom of each of these columns. Next, enter the increments 
and corrections table for the minutes of GMT, and on the line for the seconds of GMT 
take the GHA correction from the sun-planets column. Next, enter the correction 
table with the v value and extract the correction, giving it the sign of the v value. Add | 


the first correction to the GHA from the daily page, and apply the second correction | 


in accordance with its sign, to obtain the GHA at the given time. Then, enter the 
correction table for the same minute with the d value, and extract the correction. | 
Give this correction the sign of the d value, and apply it to the declination from nat ; 
daily page to find the declination at the given time. i 
Example 1.—Find the GHA and declination of Venus at GMT 5°24707* on June 2, 
1975, using the Nautical Almanac. 
Solution — 
| 


Venus Venus 
GMT 5524"07*° June 2 GMT 5°24"07* June 2 
5" 206°59/4 5h 23°30. 29°30/8N d (—)0/5 
24707" = 6°01!8 »v (—)0/4 dcorr, (—)012_ 
veorr. (—)0/2 Dec. 23°30! SanTeR 
GHA 213°01/0 


The correction table for GHA of pianets is based upon the mean rate of the sun, | 
15° per hour. The v value is the difference between 15° and the change of GHA of | 
the planet between 1200 and 1300 on the middle day of the three shown. The d value 
is the amount that the declination changes between 1200 and 1300 on the middle day. 

Venus is the only body listed which ever has a negative v value. 

Air Almanac. Enter the daily page with the whole lu next preceding the given 
GMT, unless this time is itself a whole 10™, and extract the tabulated GHA and declina- 
tion, without interpolation. The tabulated declination is correct for the time 30™ later 
than tabulated, so that interpolation during the hour following tabulation is not needed 
for most purposes. Next, enter the “Interpolation of GHA” table on the inside front 
cover, using the “sun, etc.” column, and take out the value for the remaining minutes 
and seconds of GMT. If the entry time is an exact tabulated vaiue, use the correction 
haif a line above the entry time. Add this correction to the GHA from the daily page 
to find the GHA af the given time. No adjustment of declination is needed. 

Ezample 2.—Find the GHA and declination of Venus at GMT 5°48™45* on June 2, 
1975, using the Air Almanac. 
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Solution.— 
Venus 
GMT 5°48™45° June 2 
5540™ 216°59’ 
8™45* 2°11’ 
GHA 219°10’ 
Dec. 23°31'N 


The declination is taken for the next earlier tabulated time, and is correct for GMT 
5645", 

1908. Finding GHA and declination of a star.—If the GHA and declination of 
each navigational star were tabulated separately, the almanacs would be several times 
their present size. But since the sidereal hour angle (art. 1426) and the declination are 
nearly constant over several days (to the nearest 0/1) or months (to the nearest 1’), 
separate tabulations are not needed. Instead, the GHA of the first point of Aries, 
from which SHA is measured, is tabulated on the daily pages, and a single listing of 
SHA and declination is given for each double page of the Nautical Almanac, and for an 
entire volume of the Air Almanac. The finding of GHA 7 is similar to finding GHA 
of the sun, moon, and planets. 

Nautical Almanac. Enter the daily-page table with the whole hour next preceding 
the given GMT, unless this time is itself a whole hour, and take out the tabulated 
GHA 7. Record, also, the tabulated SHA and declination of the star from the listing 
on the left-hand daily page. Next, enter the increments and corrections table for the 
- minutes of GMT, and on the line for the seconds of GMT take the GHA correction from 
the Aries column. Add this correction and the SHA of the star to the GHA of the daily 
page to find the GHA of the star at the given time. No adjustment of declination is 
needed. 


Example 1.—Find the GHA and declination of Canopus at GMT 3"24™33* on 
June 2, 1975, using the Nautical Almanue. 
Solution-— 


Canopus 
GMT 3°24™33° June 2 
3° 294°58/0 
24733 6°09/3 
SHA 264°09/3 
GHA 205°16/6 
Dec. 52°41/18 


The SHA and declination of 173 stars, including Polaris and the 57 listed on the 
daily pages, are given for the middle of each month, on almanac pages 268-273. For 
a star not listed on the daily pages this is the only almanac source of this information. 
Interpolation in this table is not necessary for ordinary purposes of navigation, but is 
sometimes needed for precise results. Thus, if the SHA and declination of 6 Crucis 
(Mimosa) are desired for March 1, 1975, they are found by simple eye interpolation to 
by SHA 168°25/2 and Dec. 59°33/2S, 

If GHA is desired, it is found as indicated in example 1, but omitting the addition 
of SHA of a star. In the example GHA 1 is 294°58/0+6°09/3=301°07/3. 

Air Almanac. Enter the daily page with the whole 10 next preceding the given 
GMT, unless this is itself a whole 10", and extract the tabulated GHAT. Next, 
enter the “Interpolation of GHA” table on the inside front cover, using the “sun, etc.” 
entry column, and take out the value for the remaining minutes and seconds of GMT. 
If the entry time is an exact tabulated value, use the correction given half a line above 
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the entry time. From the tabulation at the left side of the same page, extract the | 
SHA and declinution of the star. Add the GHA from the daily page and the two values 
taken from the inside front cover to find the GHA at the given time. No adjustment | 
of declination is needed. 

Example 2—Find the GHA and declination of Peacock at GMT 12517758" on | 
June 1, 1975, using the Air Almanac. 


Solution. — 
Peacock 


SMT 12"17758* June 1 
12°10" 71°52’ 

7T™585 2°00’ 

SHA 54°03’ 

GHA = 127°55’ 

Dec. 56°49’S 


Rising, Setting, and Twilight 


1909. Rising, setting, and twilight—In both almanacs the times of sunrise, sunset, 
moonrise, moonset, and twilight information at various latitudes between 72°N and 





60°S are given to the nearest whole minute. By definition, rising or setting occurs , 


when the upper limb of the body is on the visible horizon, assuming standard refraction 
for zero height of eye. Because of variations in refraction and height of eye, compu- 
tation to a greater precision than 1™ is not justified. 

In high latitudes some of the phenomena do not occur during certain periods. 
The symbols used to indicate this condition are: 

3 Sun or moon does not set, but remains continuously above the horizon. 

ma Sun or moon does not rise, but remains continuously below the horizon. 

/{// Twilight lasts all night. 

The Nautical Almanac makes no provision for finding the times of rising, setting, 
or twilight in polar regions. The Air Almanac has graphs for this purpose. 

In the Nautical Almanac, sunrise, sunset, and twilight tables are given only once 
for the middle of the three days on each page opening. For most purposes this informa- 
tion can be used for all three days. Both almanacs have moonrise and moonset tables 
for each day. 

The tabulations are in local mean time (art. 1817). On the zone meridian, this is 
the zone time (ZT). For every 15’ of longitude that the observer’s position differs 
from that of the zone meridian, the zone time of the phenomena differs by 1", being 
later if the observer is west of the zone meridian, and earlier if he is east of the zone 
meridian. The local mean time of the phenomena varies with latitude of the observer, 
declination of the body, and hour angle of the body relative to that of the mean sun. 

Sunrise and sunset are also tabulated in the tide tables (from 76°N to 60°S) and 
in a supplement to the American ephemeris of 1946 entitled Tables of Sunrise, Sunset, 
and Twilight (from 75°N to 75°S). The meridian angle of any body at the time of its 
rising and setting can be computed by the formulas given in article 715 of volume II. 
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The data concerning the rising and setting of the sun and moon and the duration of -- 


twilight for high southern latitudes are published as graphs in United States Naval 
Observatory Circular No. 147, Sunlight, Moonlight, and Twilight for Antarctica; these 
graphs are similar to the graphs in the Air Almanac for northern latitudes (art. 1912). 
1910. Finding time of sunrise and sunset—Nautical Almanac. Enter the table 
on the daily page, and extract the LMT for the tabulated latitude next smaller than 


the observer’s Jatitude (unless this is an exact tabulated value). Apply a correction - 
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; from table I on almanac page xxxii to interpolate for latitude, determining the sign of 
* the correction by inspection. Then convert LMT to ZT by means of the difference 
‘ in longitude (dA) between the local and zone meridians. 

Example.—Find the zone time of sunrise and sunset at lat. 48°31/4N, long. 36° 
_ 1413W on June 1, 1975. 


Solution. — 
L 43°31/4N June 1 
d 36°14/3W 


Sunrise Sunset 
40° 0433 40° 1922 
TI (ji TI (+)u 

LMT 0422 LMT 1933 
dd (4)25 dN (+)25 
ZT 0447 ZT 1958 


Air Almanac. The procedure is the same as that for the Nautical Almanac, except 
that the LMT is extracted from the tables of sunrise and sunset instead of the daily 
page, and Jatitude correction ‘s by linear interpolation. 

The tabulated times are for the Greenwich meridian. Except in high latitudes 
near the times of the equinoxes, the time of sunrise and sunset varies so little from day 
to day that no interpolation is needed for longitude. If such an interpolation is con- 
sidered justified, it can be made in the same manner as for the moon (art. 1912). 

In high latitudes, interpolation is not always possible. For instance, on June 1, 
1975, sunrise at latitude 66°N occurs at 0115, but at latitude 68°N the sun does not 
set. Between these two latitudes the time of sunrise might be found from the graphs 
in the Air Almanac, or by computation, as explained in article 715 of volume II. 
However, in such a marginal situation, the time of sunrise itself is uncertain, being 
greatly affected by a relatively small change of refraction or height of eye. 

1911. Finding time of twilight—Morning twilight ends at sunrise, and evening 
twilight begins at sunset. The time of the darker limit can be found from the almanacs. 
The time of the darker limits of both civil and nautical twilights (center of the sun 6° 
and 12°, respectively, below the celestial horizon) is given in the Nautical Almanac. 
The Air Almanac provides tabulations of civil twilight from 60°S to 72°N. The bright- 
ness of the sky at any given depression of the sun below the horizon may vary consider- 
ably from day to day, depending upon the amount of cloudiness and other atmospheric 
conditions. In general, however, the most effective period for observing stars and 

* planets occurs when the center of the sun is between about 3° and 9° below the celestial 
horizon. Hence, the darker limit of civil twilight occurs at about the mid point of 
this period. At the darker limit of nautical twilight the horizon is generally too dark 

« for good observations. At the darker limit of astronomical twilight (center of the sun 
18° below the celestial horizon) full night has set in. The time of this twilight is given 
in the ephemeris. Its approximate value can be determined by extrapolation (art. 207, 
vol. IT) in the Nautical Almanac, noting that the duration of the different kinds of 
twilight is not proportional te the number of degrees of depression at the darker limit. 
More precise determination of the time at which the center of the sun is any given num- 
ber of degrees below the celestial horizon can be determined by a large-scale diagram 
on the plane of the celestial meridan (art. 1432) or by computation (art. 715, vol. IJ). 
Duration of twilight in latitudes higher than 65°N is given in a graph in the Air Almanac. 

Nautical Almanac. The method of finding the darker limit of twilight is the same 
as that for sunrise and sunset (art. 1910). 
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ending of evening nautical twilight at lat. 21°54'7S, long. 109°34/2E on June 1, 1975. 
Solution.— 
L 21°54/7S June 1 
A 109°34/2E 


Nautical Nautical 
twilight twilight 

20°S) =: 0537 20°S—s- 1819 
TI (+)3 TI (—)3 
LMT 0540 LMT 1816 
dA (—)18 dA (—)18 
ZL 0522 ZT =1758 


Air Almanac. The method of finding the darker limit of twilight is the same as 
that for sunrise and sunset as explained in article 1910. 

Ezample 2.—¥Find the zone time of beginning of morning civil twilight and ending 
of evening civil twilight at lat. 47°18/8S, long. 87°28/3W on June 1, 1975. 

Solution.— 


L 47°18/8S June 1 





d 87°28/3W 
Civil Twilight Civil Twilight 
45°S 0654 45°S 1701 
corr. (+)7 corr. (—)7 
LMT 0701 LMT 1654 
= . dy (—)10 Ad (—)10 


= ZT 0651 (twilight) oT 1644 (twilight) 


Sometimes in high latitudes the sun does not rise but twilight occurs. This is 
indicated in the Air Almanac by the symbol] mf in the sunrise and sunset column. 
To find the time of beginning of morning twilight, subtract half the duration of twilight 
as obtained from the duration of twilight graph from the time of meridian transit of 
the sun; and for the time of ending of evening twilight, edd it to the time of meridian 
transit. The LMT of meridian transit never differs by more than 1674 (approximately) 
from 1200. The actual time on any date can be determined from the almanac. 

1912. Finding time of moonrise and moonset is similar to finding time of sunrise 
and sunset, with one important difference. Because of the moon’s rapid change of 
declination, and its fast eastward motion relative to the sun, the time of moonrise and 
moonset varies considerably from day to day. These changes of position on the celestial 
sphere (art. 1403) are continuous, as moonrise and moonset occur successively at 
various longitudes around the earth. Therefore, the change in time is distributed over 
all longitudes. For precise results, it would be necessary to compute the time of the 
phenomena at any given place, by the method described in article 715 of volume IT. 
For ordinary purposes of navigation, however, it is sufficiently accurate to interpolate 

me between consecutive moonrises or moonsets at the Greenwich meridian. Since apparent 

motion of the moon is westward, relative to an observer on the earth, interpolation in 

: west longitude is between the phenomenon on the given date and the following one. In 
' east longitude it is between the phenomenon on the given date and the preceding one. 
he : Nautical Almanac. For the given date, enter the daily-page table with latitude, and 
extract the LMT for the tabulated latitude next smaller than the observer’s latitude 

(unless this is an exact tabulated value). Apply a correction from table I of the almanac 
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Example 1—¥ind the zone time of beginning of morning nautical twilight and 
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“Tables for Interpolating Sunrise, Moonrise, etc.” to interpolate for latitude, deter- 
mining the sign of the correction by inspection. Repeat this procedure for the day 


‘following the given date, if in west longitude; or for the day preceding, if in east longi- 


tude. Using the difference between these two times, and the longitude, enter table IT 
of the almanac “Tables for Interpolating Sunrise, Sunset, etc.” and take out the correc- 
tion. Apply this correction to the LMT of moonrise or moonset at the Greenwich 
meridian on the given date to find the LMT at the position of the observer. The sign 
to be given the correction is such as to make the corrected time fall between the times 
for the two dates between which interpolation is being made. This is nearly always 
positive (+) in west longitude and negative (—) in east longitude. Convert the cor- 
rected LMT to ZT. 
Example 1.—Find the zone time of moonrise and moonset at lat. 58°23‘6N, 
long. 144°07/5W on June 1, 1975, using the Nautical Almanac. 
Solution.— 
L 58°23'6N June 1 
» 144°07/5W 





Moonrise Moonset 
58°N 0007 June 1 58°N —s- 11110 June 1 

TI (+)1 TI (=) 
LMT (GQ) 0008 June 1 LMT (G) 1109 June 1 
58°N 0021 June 2 58°N 1221 June 2 

TI 0 TI _ 0 
LMT (G) 0021 June 2 LMT (G) 1221 June 2 
LMT (G) 0008 June 1 LMT (G) 1109 June 1 

diff. 13 diff. 72 

TIT (+)5 TH (+)28 
LMT (G) 0008 June 1 LMT (G) =: 1109 June 1 
LMT 0013 June 1 LMT =1137 June 1 

dA (—)24 dy (—)24 
ZT = 2349 May 31 ZT *113 June 1 


Air Almanac. For the given date, determine LMT for the observer's latitude at 
te Greenwich meridian, in the same manner as with the Nautical Almanac, except that 
linear interpolation is made directly frow: the main tabulation, since no interpolation 
table is provided. Extract, also, the value from the “Diff.” celumn to the right of the 
moonrise and moonset column, interpolating if necessary. This “Diff.” is one-fourth of 
one-half of the daily difference. The error introduced by this approximation is generally 
not more than a few minutes, although it increases with latitude. Using this difference, 
and the longitude, enter the “Interpolation of Moonrise, Moonset” table on flap F4 
of the Air Almanac and take cut the correction. The Air Almanac recommends the 
taking of the correction from this table without interpolation. The results thus obtained 
are sufficiently accurate for ordinary purposes of navigation. If greater accuracy is 
desired, the correction can be taken by interpolation. However, since the “Diff.” 
itself is an approximation, the Nautical Almanac or computation (art. 715, vol. IT) 
should be used if accuracy is « consideration. Apply the correction to the LMT of 
moonrise or moonset at the Greenwich meridian on the given date to find the LMT at 
the position of the observer. The correction is positive ( +) for west longitude, and 
negative (—) for east longitude, unless the “Diff.” on the daily page is preceded by a 
negative sign (—), when the correction is negative (—) for west longitude, and positive 
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(+) for east longitude. If the time is near midnight, record the date at each step, as 
in the Nautical Almanac solution. 
Example 2.—Find the zone time of moonrise and moonset at lat. 58°23'6N, long. 
144°07/5W on June 1, 1975, using the Air Almanac. 
Solution. — 
L 58°23/6N June 1 
» 144°07'5W 


Moonrise Moonset 

diff. (+-)07 diff. (+)36 

58°N 0007 58°N 1110 

corr. (+)1 corr, (—)1 
LMT (GQ) 0008 LMT (G) 1109 
corr. (+)4 corr. (-++)29 
LMT 0012 LMT 1138 

dd (--)24 dd (—)24 

ZT 2848 May 31 ZT 1114 


As with the sun, there are times in high latitudes when interpolation is inaccurate 
or impossible. At such periods, the times of the phenomena themselves are uncertain, | 
but an approximate answer can be obtained by meonlight graph in the Air Almanac | 
or by computation, as explained in article 715 of volume II. With the moon, this 
condition occurs when the moon rises or sets at one latitude, but not at the next higher i 
tabulated latitude, as with the sun. It also occurs whex the moon rises or sets on one \ 
day but not on the preceding or following day. This ]utter condition is indicated in the i 
slir Almanac by the symbol > in the “Diff.” column. 

Because of the eastward revolution of the moon around the earth, there is one day 
each synodical month (29% days) when the moon does not rise, and one day when it 
does not set. These occur near last quarter and first quarter, respectively. Since this 
day is not the same at all latitudes or at all longitudes, the time of moonrise or moonset 
found from the almanac may occasionally be the preceding or succeeding one to that 
desired. When interpolating near midnight, one should exercise caution to prevent an 
error. 

Refer to the right-hand daily page of the Nauticad Almanac for June 12, 13, 14 
(app. F). On June 13 moonset occurs at 2350 at latitude 70°N, and at 0031 at latitude | 
72°N. These are not the same moonset, the one at 0031 occurring approximately one ; 
day later than the one occurring at 2350. This is indicated by the two times, which 
differ by nearly 24 hours. The table indicates that with increasing northerly latitude, ; 
moonset occurs later. Between 70°N and 72°N the time crosses midnight to the following | 
day. Hence, between thesc latitudes interpolation should be made between 2350 on | 
June 13 and 0007 on June 14. | : 

The effect of the revolution of the moon around the earth is to cause the moon to | 
rise or set later from day to day. The daily retardation due to this effect does not differ ; 
greatly from 50". The change i in declination of the moon may increase or decrease this | 
effect. The effect due to change of declination increases with latitude, and in extreme 
conditions it may be greater than the effect due to revolution of the moon. Hence, the 
interval between successive moonrises or moonsets is more erratic in high latitudes 
then in low latitudes. When the two effects act in the same direction, daily differences 
can be quite large. Thus, at latitude 72°N the moon rises at 0550 on June 13, and at 
0806 on June 14. When they act in opposite directions, they are small, and when the 
effect due to change in declination is larger than that due to revolution, the moon sets 
earlier on succeeding days. Thus, at latitude 72°N the moon sets at 0031 on June 18, 
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- and at 0007 on June 14. This condition is reflected in the Air Almanac by a negative 


“Diff.” If this happens near last quarter or first quarter, two moonrises or moonsets 
might occur on the same day, one a few minutes after the day begins, and the other a 
few minutes before it ends. Or June 14, 1975, for instance, at latitude 72°N, the moon 
sets at 0007, rises at 0806, and sets again at 2350 the same day. On those days on which 


“no moonrise or no moonset occurs, the next succeeding one is shown with 24° added to 


the time. Thus, at latitude 68°N the moon rises at 2342 on May 25, while the next 
moonrise occurs 24545 later, at 0027 on May 27. This is listed both as 2427 on May 26 
and as 0027 on May 27 (not shown in app. F). 

Interpolation for longitude is always made between consecutive moonrises or moon- 


. sets, regardless of the days on which they fall. 


Example 3.—Find the zone time of moenset at lat. 71°38°7N, long. 56°21/8W 
during the night of June 13-14, 1975, using the Nautical Almanac. 
Solution.— 
L71°38/7N June 13-14 
d 56°21SW 
Moonset 
70°N =. 2350 June 13 
TL (415 
LMT (G) 0005 June 14 


7O°N 2342 June 14 
TI (+4)7 
LMT (G) 2349 June 14 
LMT (G) 0005 June 14 
diff. ~ 16 
TI (—)2 
LMT (G) 0005 June 14 
LMT 0003 June 14 
dd (=)15 
ZT 2348 June 13 


Interpolation for the first entry is between 2350 on June 13 (lat. 70°N) and 0007 
on June 14 (lat. 72°N); for the second entry, between 2342 on June 14 and 2350 on 
dune 14. 

Beyond the northern limits of the almanacs the values can be obtained from a 
series of graphs given near the back of the Air Almanac. These graphs are shown in 
appendix G. For high latitudes, graphs are used instead of tables because graphs give 
a clearer picture of conditions, which may change radically with relatively little change 
in position or date. Under these conditions interpolation to practical precision is simpler 
by graph than by table. In those parts of the graph which are difficult to read, the 
times of the phenomena’s occurrence are themselves uncertain, being altered consider- 
ably by a relatively small change in refraction or height of eye. 

On all of these graphs any given latitude is represented by a horizontal line, and 
any given date by a vertical line. At the intersection of these two lines the duration 
is read from the curves, interpolating by eye between curves. 

The “Semiduration of Sunlight” graph gives the number of hours between sunrise 
and meridian transit or between meridian transit and sunset. The dot scale near the 
top of the graph indicates the LMT of meridian transit, the time represented by the 
minute dot nearest the vertical dateline being used. If the intersection occurs in the 
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512 THE ALMANAC 


area marked “sun above horizon,” the sun does not set; and if in the area marked 
“sun below horizon,” the sun does not rise. 
Example 1-—Find the zone time of sunrise and sunset at lat. 71°30/0N, long. 
10°00/0W near Jan Mayen Island, on August 25, 1975. 
Solut‘on.— 
August 25 
LMT 1202 LAN, from top of graph 
da (—)20 
ZT 1142 LAN 
semidur. 840 from graph 
ZT 0302 sunrise (—semidur.) 
ZT 2022 sunset (+semidur.} 


1a me NneMRRRRRMNARINRORNMMINNNNUTeKnNmatG rune 





A vertical line through August 25 passes nearest the dot representing LAN 1202 
on the scale near the top of the graph. This is LMT; at longitude 10°00/0 W the ZT 
is 20 earlier, or at 1142. The intersection of the vertical dateline with the horizontal 
latitude line occurs between the 8* and 9° curves, at approximately 8'40™. Hence, 
sunrise occurs at this interval before LAN and sunset at this interval after LAN. 

The ‘Duration of Twilight” graph gives the number of hours between the beginning - 
of morning ciril twilight (center of sun 6° below the horizon) and sunrise, or between j 
sunset and the end of evening civil twilight. If the sun does not rise, but twilight does { 
occur, the time taken from the graph is half the total length of the single twilight period, 
or the number of hours from beginning of morning twilight to LAN, or from LAN to 
end of evening twilight. If the intersection occurs in the area marked “continuous 
twilight or sunlight,” the center of the sun does not get more than 6° below the horizon, 
and if in the area marked “no twilight nor sunlight,” the sun remains more than 6° 
below the horizon throughout the entire day. 

Example 2.—Find the zone time of beginning of morning twilight and ending of 
evening twilight at the place and date of example 1. 

Soluiion.— 






Twilight Twilight 
ZT 0302 sunrise, from example 1 ZT 2022 sunset, from example 1 
dur. 153 from graph dur. 153 from graph 
ZT 0109 morning twilight ZT 2215 evening twilight 


The intersection of the vertical dateline and the horizontal latitude line occurs 
approximately one-sixth of the distance from the 2° line toward the 1°20™ line; or at 
about 1°53". Morning twilight begins at this interval before sunrise, and evening twilight 
ends at this interval! after sunset. 

The “Semiduration of Moonlight” graph gives the number of hours between 
moonrise and meridian transit or be‘ween meridian transit and moonset. The dot 
scale near the top of the graph indicates the LMT of meridian transit, each dot repre- | _ 
senting one hour. The phase symbols indicate the date on which the principal moon 
phases occur, the open circle indicating full moon and the dark circle indicating new 
moon. If the intersection of the vertical dateline and the horizontal latitude line falls 
in the “moon above hor:zon” or “‘moon below horizon” area, the moon remains above , 
or below the horizon, respectively, ior the entire 24 hours of the day. | 

If approximations of the times of moonrise and moonset are sufficient, the values | 
of semiduration taken from the graph can be used without adjustment. For more — 
accurate results, the times on the required date and the adjacent date (the following 
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, date in west longitude and the preceding date in east longitude) should be determined, 
and an interpolation made for longitude, as in any latitude, since the intervels given 
are for the Greenwich meridian. 

Example 3.—¥ind the zone time of moonrise and moonset at lat. 74°00/0N, long. 
108°00/0W on May 8, 1975, and the phase of the moor: on this date. 











Solution. — 
May 8 May 9 
LMT 0923 LMT 1006 meridian transit, from graph 
dd (+)12 dA (+)12 
ZT 0935 ZT 1018 meridian transit 
semidur. 7°59" semidur. 9°15" from graph 
ZT = 0136 ZT 0103 (moonrise—semidur.) 
ZT 1734 ZT 1933 (moonset-++semidur.) 
Moonrise Moonset 
ZT 0136 May 8 ZT 1734 May 8 
ZT _ 0103 May 9 ZT 1933 May 9 
diff. (—)33 diff. (+)119 
_ 33%108.0/360 (—)10 119X108.0/360 (+) 36 
ZT = 0126 ZT 1810 


The phase is crescent, about two days before new moon. The LMT of meridian 
transits are found by noting the intersections of the vertical datelines with the dot 
scale near the top of the graph, interpolating by eve. At longitude 108°00‘0W the 
ZT is 12™ later. The semiduration is found by noting the position, with respect to the 
semiduration curves, of the intersection of the vertical dateline with the horizontal 
latitude line. This interval is subtracted from the time of meridian transit to obtain 
moonrise, and added to obtain moonset. These solutions are made for both May 8 
and 9, and the difference determined in minutes. The adjustment to be applied to 
the ZT on May 8 at Greenwich is determined by multiplying this difference by the 
ratio 4/360. The phase is determined by noting the position of the vertical dateline 
with respect to the phase symbols. If the answer indicates that the phenomenon occurs 
on a date differing from that desired, a new solution should be made, adjusting the 
starting date accordingly. The phenomenon may occur twice on the same day, or it 
may not occur at all. In hizh latitudes the effect on the time of moonrise and moonset 
of a relatively small change in declination is considerably greater than in lower latitudes, 
resulting in greater differences from day to day. 

Sunlight, twilight, and moonlight graphs are not given for south latitudes. Beyond 
latitude 65°S, the northern hemisphere graphs can be used for determining the semi- 
duration or duration, by using the vertical dateline for a day when the declination 
has the same numerical value but opposite sign. The time of meridian transit and the 
phase of the moon are determined as explained above, using the correct date. Between 
latitudes 60°S and 65°S solution is made by interpolation between the tables and the 
graphs. : 

Several other methods of solution of these phenomena are available. The Tide 
Tables tabulate sunrise and sunset from latitude 76°N to 60°S. A supplement to the 
American Ephemeris of 1946, entitled Tables of Sunrise, Sunset, and Twilight, provides 
tabulations from latitude 75°N to 75°S and graphs for semiduration of sunlight and 
duration of twilight, with separate graphs for civil, nautical, and astronomical twilights. 
Semiduration or duration can be determined graphically by means of a diagram on 
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i 
: 
i 
i 


the plane of the celestial meridian (art. 1432), or by computation. When computation | 
is used, solution is made for the meridian angle at which the required negati* > altitude | i 
occurs. The meridian angle expressed in time units is the semiduration in the case of | 
sunrise, sunset, moonrise, and moonset; and the semiduration of the combined sunlight | 
and twilight, or the time from meridian transit at which morning twilight begins or | 
evening twilight ends. For sunrise and sunset the altitude used is (—)50’. Allowance ; 
for height of eye can be made by algebraically subtracting (numerically adding) the’ 
dip correction from this altitude. The altitude used for twilight is (—)6°, (—)12°, or 
(—)18° for civil, nautical, or astronomical twilight, respectively. The altitude used for 
moonrise and moonset is —34’—-SD+HP, where SD is semidiameter and HP is hori- 
zontal parallax, from the daily pages of the Nautical Almanac. 

1913. Rising, setting, and twilight at a moving craft.—Instructions given in the | 
preceding three articles relate to a fixed position on the earth. Aboard a moving craft 


the problem is complicated somewhat by the fact that time of occurrence depends — 


upon position of the craft, and vice versa. At ship speeds, it is generally sufficiently 
accurate to make an approximate mental solution, and use the position of the vessel 
at this time to make a more accurate solution. If higher accuracy is required, the 
position at the time indicated in the second solution can be used for a third solution. 
If desired, this process can be repeated until the same answer is obtained from two con- , 
secutive solutions. However, it is generally sufficient to alter the first solution by 1° 
for each 15’ of longitude that ‘he position of the craft differs from that used in the solu- 
tion, adding if west of the est: nated position, and subtracting if east of it. In applying 
this rule, use both longitudes to the nearest 15’. The first solution is known as the 
first estimate; the second solution is the second estimate. 
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CHAPTER XX 
SIGHT REDUCTION 


200i. Introduction —The process of deriving from a celestial observation the in- 
formation needed for establishing e line of position is called sight reduction. ‘The ob- 
servation itself consists of measuring the altitude of a celestial body and noting the 
time. The process of finding such a line of position may be divided into six steps: 

1. Correction of sextant altitude (ch. XVI). 

2. Determination of GHA and declination (ch. XTX). 

3. Selection of assumed position and finding local hour angle or meridian angle at 
that point. 

4, Computation of altitude and azimuth. 

5. Comparison of computed and observed altitudes. 

6. Plot of the line of position. 

Breadly vs, caking, tables which assist in any of these steps can be considered 
sight redction tables. However, the expression is generally limited to tables intended 
primorily for computation of altitude and azimuth. A great variety of such tables 
exists. In chapter X-XI various methods of sight reduction, including graphical and me- 
chanica! solutions, are contrasted. All are based, directly or indirectly, pon solution 
of the :.avigational triangle (art. 1433). Thus, the process of sight reduction, in its 
limited sense, is one of converting coordinates of the celestial equator system (urt. 1428) 
to those of the horizon sys.em (art. 1430). 

The correction of the sextant altitude (1s) to find observed altitude (Ho) is not 
necessarily performed first. If any form of time other than GMT is used for timing the 
observation, it is first converte’ to GMT because this is the kind of time used for 
entering the almanacs. From the almanac, the GHA and declination are determined. 

2002. Selection of the assumed position (AP).—The following variables are needed 
to compute the altitude and azimuth: 

1. Latitude (I). 

2. Declination (d or Dec.). 

3. Local hour angle (LHA) or meridian angle (t). 
Except for declination, these veriables are dependent upon the position from which 
the altitude and azimuth are to be computed for the time of the observation. Although 
the dead reckoning or estimatea position can be used, unnecessary interpolation can 
be avoided when using modern sight reduction tables by selecting an AP for the 
reduction that will result in two of the three variables being exact entry values or 
table arguments. In these tables altitudes and azimuth angles are given for each whole 
degree of latitude and each whole degiee of either meridian angle or local hour angle. 
Since the assumed position should be within 30’ of the actual position, the whole degree 
of latitude nearest to the DR or EP at the time of the sight is selected as the assumed 
latitude (aL). The assumed longitude (aa) is also selected within 30’ of the DR or 
EP so that no minutes of are will remain after it is applied to GHA. This means that 
in west longitude the minutes of a@\ must be the same as those of GHA; while in east 
longitude the minutes of @\ must be equal to 60’ minus the minutes of GHA. 

2003. Finding the local hour angle and meridian angle——Meridian angle is the 
angular distance that the celestial body is east or west of the celestic] meridian. It is 
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SIGHT REDUCTION 


found from local hour angle (HA), which, in turn, is found from Greenwich hour 
angle by adding east longitude or subtracting west longitude. A time diagram (art. 1428) | 
is useful in visuaiizing this relationship. 

Example 1.—The GHA is 168°42‘6. 

Required —The LHA and t at (1) long. 137°24/6W, and (2) 158°24/7E. 

Solution.— 


(1) GHA 168°42'6 (2) GHA 168°42'6 
d 137°24'6W \ 158°24/7E 

LHA 31°1870 LHA 397°0773 
t 31°18/0W t 32°52/7E 


In west longitude, if GHA. is less than longitude, add 360° to GHA before sub- | 
tracting. In east longitude, if the sum exceeds 360°, subtract this amount. If LHA is 
less than 180°, it is numerically equal to meridian angle, which is labeled W (west). 
If LHA is greater than 180°, t is 360°--LHA and is labeled E (east). 

Example 2—The GHA is 168°42'6; observations are made at (1) long. 137 °24’6W, 
and (2) long. 158°24‘7E. 

Required.—The ad providing whole degrees of LHA and t. 

Solution.— 


(1) GHA 168°42'6 (2) GHA 168°42/6 
a 137°42/6W ad 158°17/4E 

LHA 31°00/0 LHA 327°00/0 
t 31°00‘0W t 33°00/0E 


2004. Comparison of computed and observed altitudes.—After appropriate correc- 
tions are applied to the sextant altitude (hs), the observed altitude (Ho) is obtained. 
For the instant of observation, the altitude and azimuth at some convenient assumed 
position (AP) near the actual position of the observer are d.termined by calculation or 


equivalent process. The difference between this computed altitude (He) and Ho is the 
altitude intercept (a), sometimes called altitude difference. 

Since a is the difference in altitude at the assumed and actual positions, it is also 
the difference in zenith distance, and therefore the difference in radii of the circles of 
equal altitude at the two places. The position having the greater altitude is on the circle 
of smaller radius, and hence ‘s closer to the GP of the body. In figure 2004 the AP is 
shown ¢. the inner circle. Lace, He is greater than Ho. 

‘The altitude intercept, the numerical difference between He and Ho, is customarily 
expressed in nautical miles (minutes of arc), and labeled T or A to indicate whether the 
line of position is toward or away from the GP, as measured from the AP. 

Two useful aids in labeling the intercept are: Coast Guard Academy for Computed 
Greater Away, and Ho Mo To for Ho More Toward. 

For example, 


sa naman etree eee MAU RRA I 


He $7°51'6 He 61°57°3 
Ho 37°43/9 Hy) 62°12°7 


a 7.7A a 15.4T 


2005. Plot of the line of position.—The line of position can be plotted using part of 
the information within the broken circle of figure 2004, us shown in figure 2005. First, the 
AP is plotted. The circle of equal altitude through this position is not needed, and is 
not plotted. From the AP the azimuth line is measured toward or «way from the GP as 
appropriate, and the altitude intercept is measured along this line. At the peint thus 
















































































SIGHT REDUCTION , 517 


ALTITUDE FOR 0Bs, f 


pL 2 
ew NTU FOR gy 2 
¥& TITUDE FoR 4, 
% AL Con Lp 

SS ens ”, 

& .o Ure, %, 
~> op 

s “ 

&> NG \ 
§ & \ 
/ ee 
/ i \ 
i \ 

GP | 4 

oe 

| I | 
/ / 





NCE aa 
Te 


e 
‘SS sh 


“sé 


Ficure 2005.—A line of position from observaticn of the star Capella at 0643. 














located, a line is drawn perpendicular to the azimuth line. This perpendicular is the 
line of position. 

2006. Computation of altitude and azimuth.—In modern practice, solutions of 
the navigational triangle for altitude and azimuth are usually effected by means of 
sight reduction tables cf the inspection type. These inspection tables may contain 
tabulations of altitude and azimuth angle for arguments of local hour angle (or meridian 
angle), declination, and latitude, or tabulations of altitude and azimuth of selected 
stars for arguments of epoch, latitude, and sidereal time (LHAT). Values are taken 
directly from the tables, without need for logarithms, auxiliary functions, or mathemati- 
cal solutions (except interpolaticn). 

Mathematical solutions of altitude and azimuth angle are presented in chapter 
VII of volume IT. Chapter IX of volume II contains examples of the use of logarithms 
and auxiliary functions in sight reduction, 
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Figure 20072.—Left-hand page of opening of volume 3 of Pub. No. 229. 
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Fieure 2007b.— Right-hand page of opening of volume 3 of Pub. No, 229. 
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520 SIGHT REDUCTION 







The principal inspection tables are Pub. No. 229, Sight Reduction Tables for Marine 
Navigation; Pub. No. 249, Sight Reduction Tables for Air Navigation; and Pub. No. 214, | 
Tables of Computed Altitude and Azimuth. | 

2007. Sight Reduction Tables for Marine Navigation (Pub. No. 229).—These 
tables are published by the Defense Mapping Agency Hydrographic Center to facilitate 
the practice of celestial navigation at sea. A secondary purpose of the tables is to provide, | 
within the limitations of the tabular precision and interval, a table of the solutions of : 

the spherical triangle of which two sides and the included angle are known and it is" 
necessary to find the values of the third side and adjacent angle. 

The tables have been designed primarily for use with the Marcq St.-Hilaire or 
intercept method of sight reduction, atilizing a position assumed or chosen so that , 
interpolation for latitude and local hour angle is not required. For entering argumeuts of 
integra] degrees of latitude, declination, and local hour angle, altitudes and their dif- , 
ferences are tabulated to the nearest tenth of a minute, azimuth angles to the nearest 
tenth of a degree. But the tables are designed for precise interpolation of altitude for 
declination only by means of interpolation tables which facilitate linear interpolation 
and provide additionally for the effect of second differences (art. 2008). The data are 
applicable to the solutions of sights of all celestial bodies; there are no limiting values of 
altitude, latitude, hour angle, or declination. 

The tables are divided into six volumes, each of which includes two eight-degree | 
zones of latitude. An overlap of 1° occurs between volumes. The six volumes cover 
latitude bands 0° to 15°, 15° to 80°, 30° te 45°, 45° to 60°, 60° to 75°, and 75° to 90°. 

Each consecutive opening of the pages of a latitude zone differs from the preceding 
one by 1° of local hour angle (LH A). As shown in figures 2007a and 2007b, the values 
of LHA are prominently displayed at the top and bottom of each page; the horizontal 
argument heading each column is latitude, and the vertical argument is declination 
(Dec.). For each combination of arguments, the tabulations are: the tabular altitude 
(ht or Tab. Hc), the altitude difference (d) with its sign, and the azimuth angle (Z). 

Within each opening, the data on the left-hand page are the altitudes, altitude 
differences, and azimuth angles of celestial bodies when ‘he latitude of the observer 
has the same name as the declinations of the bodies. For any LHA tabulated on a left- 
hand page and any combination of the tabular latitude and declination arguments, the 
tabular altitude and associated azimuth angle respondents on the left-hand page are 
those of a body above the celestial horizon of the observer. 

The LHA’s tabulated on the left-hand pages are limited to the following ranges: 
0° increasing to 90°, and 360° decreasing to 270°. On any left-hand page there are two 
tabulated LHA’s, one LHA in the range 0° increasing to 90°, and the second in the 
range 360° decreasing to 270°. 

On the right-hand page of each opening, the data above the horizontal rules are 
the tabular altitudes, altitude differences, and azimuth angles of celestial bodies above 
the celestial horizon when the latitude of the observer has a name contrary to the name 
of the declinations of the bodies and the LHA’s of the bodies are those tabulated at 
the top of the page. The data below the horizontal rules are the tabular altitudes, 

altitude differences, and azimuth angles of celestial bodies above the celestial horizon 
when the latitude of the observer has the same name as the declinations of the bodies, 
and the LHA’s of the bodies are those tabulated at the bottom of the page. 

The LHA’s tabulated at the top of a right-hand page are the same as those tabu- 
lated on the left-hand page of the opening. The LHA’s tabulated at the bottom of the 
right-hand page are limited to the range 90° increasing to 270°, one of the two LHA’s | 
at the bottom of the page is in the range 90° increasing te 180°; the other LHA is in | 
the range 180° increasing to 270°; the LHA in the range 90° increasing to 180° is the F 2 
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2 
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supplement of the LHA at the top of the page in the rangs 0° increasing to 90°. When 
the LHA is 90°, the left and right-hand pages are identical. 

The horizontal rules, known as the Contrary-Same Line or C-S Line, indicate the 
degree of declination in which the celestial horizon occurs. 

Figure 2007c illustrates four of the eight possible celestial triangles for specific 
numerical values of latitude and declination, and the LHA’s tabulated on the left and 
right-hand pages of an opening of the tables (figs. 2007a and 2007b). The diagram on 
the plane of the celestial meridian at the upper left of figure 2007c indicates that the 
celestial body always lies above the celestial horizon when the observer’s latitude has 
the same name as the declination of the body and the values of LHA are those tabulated 
on the left-hand page of an opening of the vables. The diagram at the upper right reveals 
that for the various combinations of arguments on the right-hand page, including 
whether the name of the observer’s latitude is the same as or contrary to the name of 
the declination, the numerical value of the declination governs whether the body is 
above or below the celestial horizon. For example, the following arguments are used for 
entering the tables: 


LHA 60° 
Latitude 45°N (Contrary Name to Declination) 
Declination 5°S 


The respondents are: 


Tabular altitude, ht (Tab. Hc) 16°53/6 
Altitude difference, d (—)46/2 
Azimuth angle, Z 115°6 


As can be verified by an inspection of the upper-right diagram, the altitude respond- 
‘ent is for a body 16°53‘6 above the celestial horizon. Further inspection of the tabular 
data (fig. 2007b) and the diagram reveals that with the LHA and latitude (Contrary 
Name) remaining constant, the altitude of the body decreases as the declination in- 
creases in numerical value. Between values of declination 26° and 27° the body crosses 
the celestial horizon. When the declination reaches 35°, the altitude is 6°389'6 below 
the celestial horizon; the tabular azimuth angle is the supplement of the actual azimuth 
angle of 134°4. 
As an additional example, the following arguments are used for entering the tables: 


LHA 240° (t 120°E) 
Latitude 45°S (Same Name as Declination) 
Declination 5°S 


The respondents are: 


Tabular aititude, ht (Tab. Hc) 16°53/6 
Altitude difference, d (—)46/2 
Azimuth angle, Zz 115°6 


However, inspection of the diagram on the plane of the celestial meridian at the lower 
_ Tight of figure 2007c reveals that the altitude is 16°53/6 below the celestial horizon; 
the tabular azimuth angle is the supplement of the actual azimuth angle of 64°4. 
Further inspection of the tabular data and the diagram reveals that with the LHA and 
latitude (Same Name) remaining constant, the altitude of the body increases as the 








i 

: 

i 

i 
i 
i 
i 
i 
t 
| 
} 
i 
i 
i 
' 
1 
' 


Sl tiatetmmnaenteneetnene enna cn ace ac auicl ons and oro ienal talaga oe cent anaemia 


’ 


we 











hated ted to will 
































































































































































































































SIGHT REDUCTION 


PRIME VERTICAL 


PRIME VERTICAL 


Lat 45°N (Same Name) Lat 45°N (Contrary Name) 
Dec. 5°N Dec. 5°S 
HA 60° LHA 60° 
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Lat 45°S (Same Name) lat 45°S (Contrary Name) 
Dec 5°S Dec. 5°N 
LHA 240° (t 120°E) LHA 240° (t 120° £) 


Freune 2007¢.—Diagrams on the plane of the celestial meridian. 


deciination increases numerically. Between values of declination of 26° and 27° the’ 
body crosses the celestial horizon. When the declination reaches 35°, the altitude is 
6°39/6 above the celestial horizon; the tabular azimuth angle is the actual azimuth 
angle of 45°6. 

Inspection of figures 2007a, 2007b, and 2007c reveals that if the left-hand page of 
an opening of the tables is entered with latitude of contrary name and one of the LHA’s 
tabulated at the bottom of the facing pege, the tabular altitudes are negative; the 
tabular azimuth angles are the supplements of the actual azimuth angles. 
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SIGHT REDUCTION §23 


2008. Pub. No. 229 interpolation.—In the normal use of the tables with the Marcq 
St.-Hilaire method, it is only nece.sary to interpolate the tabular altitude and 
azimuth angle for the excess of the actual declination of the celestial body over the 

integral declination argument. When the tabular altitude is less than 60°, the required 
interpolation can always be effected through the use of the tabulated altitude differences. 
When the tabular altitude is in excess of 60°, it may be necessary tc include the effects 
of second differences. When the tabular altitude difference is printed in italic type 
followed by a small dot, the effects of the second differences should be included in the 
interpolation. Although the effects of second differences may not be required, these 
effects can always be included in the interpolation whenever it is desired to obtain 
greater accuracy. 

If the sight reduction is from a position such that interpolation for latitude and 
local hour angle increments is necessary, the required additional interpolation of the 
altitude can be effected by graphical means. 

The data in the column for latitude 45° (Same Name as Declination) as contained 
in figure 2007a is rearranged in table 2008 to illustrate the first and second differences. 

Table 2008 illustrates that the first differences are the differences between successive 
altitudes in a latitude column; the second differences are the differences between 
successive first differences. 


en en te 


LHA 60°, Lat. 45° (Same Name as Declination) 


Dec. ht (Tab. He) First Difference Second Difference 


: ; 4° 23°42 13 
. “174415 
5° 24°26'8 —0°2 
+4413 
6° 25°11 51 —0°3 
+ 44/0 
7° 25°55 11 


Tasre 2008.—First and second differences of tabular altitudes. 


ae ene ete ee er a ete ee 


The usual case is that the change of altitude with 60’ increase in declination is 
nearly linear as illustrated in figure 2008. In this case, the required interpolation can 
be effected by multiplying the altitude difference (a first difference) by the excess of 
the actual declination over the integral declination argument divided by 60’. This 
excess of declination in minutes and tenths of minutes of arc is referred to as the 
declination increment and is abbreviated Dec. Inc. 

Using the data of :able 2008, the computed altitude when the LHA is 60°, the 
jatitude (Same Name) is 45°, and the declination is 5°45/5 is determined as follows: 


Dec. Ine. 45/5 : 


Correction Altitude difference X 60" =(+)44°3X~Go7 =33°6 i 


ate He=ht- correction =.:24°26/8+33/6=25°00/4. 


2009. Pub. No. 229 Interpolatiot. Table-—The main part of the four-page Inter- 
polation Table is basically a multipication table providing tabulations of: 


L. . , 
Jj Altitude Difference Petmnation Pncrement, 
















































































































































































































































































SIGHT REDUCTION 


LHA 60° 
Lat. 45° 
(Same Name) 


Altitude 


= 55.5 —<—-— eS 


5° 6° 7 
Declination 


Figure 2008.—L near interpolation by graph. 


The design of the Interpolation Table is such that the desired product must be 
derived from component parts of the altitude difference. The first part is a multiple 
of 10’ (10’, 20’, 30’, 40’, or 50’) of the altitude difference; the second part is the re- 
mainder in the range 0/0 to 9/9. For example, the component parts of altitude dif- 
ference 44/3 ate 40’ and 4/3. 

In the us2 of the first part of the altitude difference, the Interpolation Table 
arguinents are Dec. Inc. and the integral multiple of 10’ in the altitude difference, 
d. As shown in figure 2009a, the respondent is: 


Dec. Inc. 
TensX—¢57—" 

In the use of the second part of the altitude difference, the Interpoiation Table 
arguments are the nearest Dec. Inc. ending in 0/5 and Units and Decimals. The re- 
spondent is: 

Dec. Inc. 


Units and DecimalsX 60° 


In comp iting the table, the values in the Tens part of the multiplication table | 
were modifiea by small quantities varying from —0‘042 to +0/033 before rounding }' 


to the tabular precision to compensate for any difference between the actual Dec. 


solllalieheieineinaaiatiamaa nteeaaaaabeeatieitd oa Milan siea. sais sais cpmioiaundntin omen olasanedouamaneeenaeal 


Inc. and the nearest Dec. Inc. ending in 0'5 when using the Units and Decimals part | 


of the table. 


As an example of the use of the Interpolation Table, the computed altitude and 


true azimuth are determined for Lat. 45°N, LHA 60°, and Dec. 5°45/5N. Data are 
exhibited in figure 2009b. 


The respondents for the entering arguments (Lat. 45° Same Name as Declination, 


LHA 60°, and Dec. 5°) are: 


Tabular altitude, ht 24°26/8 
Altitude difference, d (+)44!3 
Tabular azimuth angle, Z 108°6 







































































































































































































































































SIGHT REDUCTION 525 
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Uniis & Decimals X Dec. tne. 


oe 
245°! 


0.2 1.6 1.725540 485.5 6.37.11967 2 
28.8 3 


1.4 
7.6 15.2 228 (303) 374 its 


352'* 


a LA eH RMI er 
4 


» 45.5 
40 — —30’. 
x 30" 30.3 


43.6 
45.1 
43.2 
45.3 
45.4 
43.5 
45.6 
43.7 
45.8 
45.9 





Ati A 
a 


Figure 2009a.—Irnternolation Table. 


Note that Dec. Inc. 45/5 is the vertical argurent fur entering the Interpolation 
Table to extract the correction for tens of minutes of altitude difference, d, and that it 
_ also indicates the subtable where the correction for minutes and tenths of minutes 
(Units and Decimals) of sltitude difference, d, is found. Entering the Interpolation 
Table with Dec. Inc. 45/5 es the vertical argument, the correction for 40’ of the altitude 
difference is 30'3; the correction fur 4'3 of the altitude difference is 3/3. Adding the two 
- perts, the correction is (+)33/6, the sign of the correction being in eccordance with 
the sign of the altitude difference, ¢ 
No special table is provided for interpolation of the azimuth angle, and the differ- 
ences are not tabulated. With latitude and local hour angle constant, the successive 
azimuth angle differences corresponding to 1° increase in declination are less than 10°0 
for altitudes less than 84°, and can easily be found by inspectior. If formai interpolation 
of azimuth angle is desired, the degrees and tenths of degrees of azimuth angle differ- 
ence are treated as minutes and tenths of minutes in obtaining the required correction 
- from the Units and Decimals subtable to the rigit of the declincticn increme:.t. But 
for most practical applications, interpolation by inspection usually sutfices. In this 
example of formal interpolation, using an azimutn ungle difference of —0°7 and a Dec. 
Inc. of 45/5, the correction as extracted frem the Units and Decimals subtabie to the 
right of the Dec. Inc. is ~0°5. Therefore, the azimuth angie as interpolated for 
declination increment is 108°1 (108°6—0°5). In summary, 
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Tabular altitude ht 24°26'8 =f 
Correction for 40’ of alt. diff. (+)30°3 ! ¢ j 
Correction for 4/3 of alt. diff (+)3/3 : ne a 
Computed altitude He 25°00/4 q 


(See figures 2008 and 2009b) 


Tabular azimuch angle Z 108°6 
Correction for Dec. Inc. 45/5 (—)0°5 
Interpolated azimuth angle Z N108°1W 
True azimuth Zn 251°9 
a 
es : 7 i * 
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Ficvre 2009b.—Data from main tables and Interpolation Table. 
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2010. Pub. No. 229 interpolation when second differences are required.—The | 
accuracy of linear interpolation usually decreases as the altitude increases. At altitudes 
above 60° it may be necessary to include the effect of second differences in the interpola- 
tion. When the altitude difference, d, is printed in italic type followed by a small dot, 
the second-difference correction may exceed 0/25, and should normally be applied. The 
need for a second-difference correction is illustrated by the graph of table 2010 date in 
figure 2010a. 

Other than graphically, the required correction for the effects of second differences 
is obtained from the appropriate subtable of the Interpolation Table. However, before 
the Interpolation Table can be used for this purpose, what is known as the double- 
second difference must be formed. The double-second difference (DSD) is the sum 
of two successive second differences. Although second differences are not tabulated, the 
DSD can be formed readily by subtracting, algebraically, the tabular altitude difference 
immediately above the respondent altitude difference from the tabular altitude difference 
immediately below. The result will always be a negative value. 

As shown in figure 20°0b, that compartment of the DSD table opposite the block 
in which the Dec. Inc. is found is entered with the DSD to obtain the DSD correction 








Ee : LHA 38°, Lat. 45° (Same Name as Declination) | 44 
Dec. ht (Tab. He) First Difference Second Difference : 


oe 50° 64°08 '2 












AM leat 
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+ 2/8. 
51° 64°11/0 —2'3 
+016: : 
52° 64°11 15 —2!1 : 
~1'6- 


53° 64°09°9 


TaB Le 2010.—First and second differences of tabular altitudes. 
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peo _ 


64°12: 


‘\ 
\ 


-f 
4 | 
| 
3 1 
= 10 | LH 38° 
a | Lat. 45° 
| (Same Name) } 
mJ 
09: 8 
3 
8 
a 
\ 
64°08: 
50° 51° 52° 53° 


Declination 


Figure 2010a.—Nonlinear interpolation by graph. 


: to the altitude. The correction is always plus. Therefore, the sign of the DSD need not 


be recorded. When the DSD entry corresponds to an exact tabular value, always use 
the upper of the two possible corrections. 

As an example of the use of the double-second difference, the computed altitude 
and true azimuth are determined for Lat. 45°N, LHA 38°, and Dec. 51°30/0N. Data are 
exhibited in figure 2010b. 

The respondents for the entering arguments (Lat. 45° Same Name as Declination, 
LHA 38°, and Dec. 51°) are: 


Tabular altitude, ht  64°11/0 
Altitude difference, d (+)075- 
Azimuth angle, Z 62°8 


The linear interpolation correction to the tabular altitude for Dec. Inc. 30/0 is 


(+)0/3. 
Hc=ht-+linear correction=64°11/0-+-0!3=64°11/3. 


However, by inspection of Sgure 201G6a, illustrating this solution graphically, the 
computed altitude should be 64°11'6. The actual change in altitude with an increase 
in declination is nonlinear. The altitude vaiue lies on the curve between the points for 
declination 51° and declination 52° instead of the straight line connecting these points. 

The DSD is formed by subtracting, algebraically, the tabular altitude difference 
immediately above the respondent altitude difference from the tabular altitude dif- 
ference immediately below. Thus, the DSD is formed by algebraically subtracting 
(+)2'8 from (—)1!6; the result is (—)4/4. 

As shown in figure 2010b, that compartment of the DSD table opposite the block 
in which the Dec. Inc. (30/0) is found is entered with the DSD (4/4) to obtain the DSD 
correction to the altitude. The correction is 0/3. The correction is always plus. 


He=ht+ linear correction+DSD correction 
Heo=64°11!0+-0/34-0/3=64°11°6. 
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Ficcre 2010b.—Dats from main tables and Interpolation Table. 


2011. Complete solution by Pub. No. 229 and Nautical Almanac.—The complete 
solution includes all of the parts listed in article 2001. Because of the various alternatives 
available for the separate parts, a large number of variations might be used in the 
complete solution. 

It is good practice to have a standard work form. If this is not printed, 27 cn a 
rubber stamp, it should be copied in its entirety before the solution is started. The 
first step should then be to fill in the known information. If the solution for observed 
altitude is made first, this value can then be copied in the main solution, so that it will 
be ready for comparison when Hc is determined. The best form to use is that which | 
the individual navigator finds most logical an:i least likely to resuit in errors. 

Some navigators include a time diagram (art. 1428) in the form as a check both 
on the time and meridiaa angle computation. 

There is a growing tendency emong navigaturs to keep the navigational watch set : 
to GMT. This is particularly helpful wh2n e number of observations are ade, a» | 
during twilight, to eliminate the need for repeated application of watch error and zone : “it 
description, and determination of Greenwich date. ¢ 

Ezample.—On June 2, 1975, the 1742 dead reckoning position of a ship is lat. 
41°10’S, long. 128°00’E. The shin is on course 315°, speed 20 knots. Observations 
are made from a height of eye of 31 feet using a sextant having an index correction of . 


. 
' 
<. eat aie baa a ane 


Whew doheris 


at eta 


(—)1°0 as indicated below. Determine the 1742 fix. { 
Body GMT — Sertant Altitude SHA Declination } 
DINO sash whccauises 082403" 32°30/4 159°0151 11902°2S | 
Regulus. _..-..--.--- 08"29"58* ee 208°13/9 12°05/2N 
Procyon. .....------- 08835759* 35°05! 245°29'S 5S°17/2N i 
Canopus....-.-..---- O8™41™55¢ ea 264°09:3 52°41 IS 

















































































































SIGHT REDUCTION 


Spica Regulus 

GMT (June 2) . 0824™938 7 08529™58* 
GHA 7 for & GMT 10°10/3 10°10/3 
Increments 6°01!7 7°30!7 
189°0111 208°13/9 

175°13/1 225°5479 

127°46/9E 128°05/1E 

303°00/0 | 354°00/0 _ 

11°02/28 12°05/2N 
02/2 05/2 

5 41°00/0S 41°00/0S 
ht (Tab. He) ; 31°55/0 36°42/6 
d and correction 13917 (4)115 : (—)5/2 
31°56/5 36°37/4 
22°22'5 36°49!4 

26. OT 12. OT 
075°9 $172°7E 007°3 


Procyon Canopus 
GMT (June 2) 08°35™59° 08'4.1™55° 
GHA 7 for 8 GMT 10°10/3 10°10/3 
Increments : 9°01/2 41™55* 10°30/5 
245°29/8 264°09/3 
264°4173 284°5071 
128°18/7E 128°09/9K 
33°00/0 53°00/0 
5°17/2N §2°41/1S8 
17/2 41i1 
41°00/0S 41°00/0S 
ht (Tab. He) 34°59/1 52°48/5 
d and correction. ......... (—)52/0 (—)14!9 (+)3'8 2/6 
. 34°44/2 §2°5171 
34°57/3 52°40'6 
13.1T ~~ 10,54 
318°7 S53°3W 233°3 


2012. Sight Reduction Tables for Air Navigation (Pub. No. 249).—Although 
these tables are designed to satisfy the needs of the air navigator, they are frequently 
used for sight reduction a’ sea. The following description and explanation of the use 
of the tables is limited to the marine applic~ a. 

Volume I contains tabulations of e'’ 4. .» (to the nearest 1’) and azimuth (to the 
nearest 1°) in parallel columns. For -.ach 1° of latitude a two-page table (one-page 
above 69°) is given. For each 1° (2° beyond latitude 69°) of LHA 7, altitude and azi- 
muth ore given for seven sters carefully selected with regard to azimuth, magnitude, 
altitude, and continuity. Stars of he first magnitude are shown in capital letters, and 
those of second and third magnitude in lower case with initial capital. After each 15 
entries a break cccurs and a new listing of stars is given, whether or not there are any 




























































































41°30" 
128°E 129° 


UUM AUR mre 


changes from the previous list. Stars are Jisted in the order of increasing azimuth at 
the beginning of each period. Forty-one stars are included, 19 of which are of the first 
magnitude, 17 of the second magnitude, and 5 of the third magnitude. The tables 


are intended for use with an assumed position solected so that latitude and LHAT 
are each the nearest whole degree (nearest even degree of LHAT at latitudes higher 
than 69°). 

Volume I, for selected stars, is arranged for entaing with latitude, LHA TY, 
and the appropriate star name. This arrangement minimizes the time and effort required{ 
in sight reduction. Progressive changes in the ccordinates affecting the tabulated deta 
necessitate recomputaiion at approximately five-year i.tervals in order to reduce the 
effects of this source of cumulative error. Of the seven stars selected for each 15° of 
LHA ‘, the three marked by the diamond symbol (@) provide sets favorably situated: 
in altitude and azimuth for the three-body fix normally used in air navigation. The! 
volume for epoch 1980.0 will replace the volume for epoch 1975.0. | 

Tabulation by name of the star eliminates the need for finding the declination,| 
but a correction for precession of the equinoxes (art. 1419) and nutation (art. 1417)! 
may be needed. This is given in an auxiliary table near the back of the volume. The 
correction which may reach a value as high as 3’ is applied to the fix, not to each 
altitude. 

Tabulation of azimuth (not azimuth angle) eliminates the need for conversion. 

Tabulation by LHAY instead of meridian angle of the star eliminates the need 
for finding and applying SHA. It also makes of the tables a star finder for the seven 
stars given, since all values given for any entry of LHA® are for the same time. I 

An almanac giving GHAT is included for use should the Air Almanac or Newlin 
Almanac not be available. 
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SIGHT REDUCTION 531 


Ezxamp'e 1.—During evening twilight on June 2, 1975, the 1724 DR position 
of a ship is lat. 40°39/2S, long. 128°01'2E. At GMT 8°24703" the navigator observes 
‘Canopus with e marine sextant having no IC, from a height of eye of 38 feet. The hs 
is 55°67/1. 

Required —The a, Zn, and AP, using Pub. No. 249 (epoch 1978.0), vol. I, and 


‘the Air Almanac. 


Solution. — 


June 2 Canopus + *- 

GMs §8'24"*03* June 2 I@ Sa es 
grao™ «15°11 D 6 
4™93* 1°01’ R 0 
GHAT 16°12’ sum — 7 








an  127°48’E corr. (—) 7’ 
LHAY = 144°00’ hs 55°57! 
aL 41°00’S Ho 55°50’ 


He 55°48’ 

Ho _ 55°50! 
a 2T 

Zn 233° 


aL 41°00’S 
ad 127°48’E 


Example 2.—During evening twilight on June 2, 1975, the 1724 DR position 


ofa ship is lat. 40°39/2S, long. 128°01/2E. At GMT 8°24™03° the navigator observes 


Canopus with a marine sextant having no IC, from a height of eye of 28 fest. The hs 
is 55°57 /1. 

Required—The a, Zn, and AP, using Pub. No. 249 (epoch 1975.0), vol. I, and 
the Nautical Almanac. 


Solution. — 
June 2 Canopus + + - : 

GMT 8°24™03* June 2 1c = — 
8900" =: 10°1023 D 6/0 
24703" 6°01/7 R 0:7 
GHAT = 16°12/0 sum — 6/7 
ay 127°:8/0E corr, (—) 617 
LHAT 144°00/0 hs 55°57!1 

al, 41°0070S Ho §5°50/4 i 


He 55°48/0 
Hlo 55°50/4 

a 2.47 aL 41°00’S 
Zn 233° ary 127°48’E 


Volumes II and III are somewhat similar in many respects to Pub. No. 229. 
Altitude and azimuth angle are given in psralle! columns for every whole degree of 
latitude (0° to 89°), every whole degree of declination (0° to 29°), and every whole 
degree (2° beyond lat. 69°) of LHA for all values at which the altitude is greater than 


. several degrees below the celestial horizon. The values for latitude and declination con- 


trary name are tabulated with values of meridian angle (LHA iess than 180° increasing 
upward on the page, as in some older tables such as Pub. No. 260 (art. 719, vol. II). 
This permits better utilization of space where same- and contrary-name tabulations 
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532 SIGHT REDUCTION 


are given on the same page. It also serves to emphasize the difference between the 
same- and contrary-name tabulations, the contrary-name tabulation being given in i 
“contrary” manner on the page. A more convenient arrangement of declination en 
tries is provided by having the “top” of each page of the tables along the left side 
requiring the turning of the page through 90°. 

The altitude difference (labeled qd) is tabulated between the altitude and azimuth 
angle to facilitate interpolation of altitude for declination. No interpolation is needed 
for Jatitude and LHA because the assumed position is selected so that these are the 
nearest whole degree (nearest even degree of LHA beyond latitude 69°). The altitude 
difference is the di*ference in minutes, with sign, between the accompanying altitude 
and that for declination 1° greater, at the same latitude and LHA. It is used for entering 
an auxiliary table for determining the correction to be applied to altitride for minutes 
of declination, Dec. Inc. Interpolation is normally made in the direction cf increasing 
declination. 

Volume II covers latitudes 0° to 39°, and volume III contains similar information 
for latitudes 40° to 89°. Since these tables are entered with LHA of the celestial body, 
*,ey do not become inaccurate in succeeding years, and no correction is needed for 
vecession and nutation, as in volume I. In contrast with volume I, azimuth angle i is 
tabulated instead of azimuth. A long-term almanac giving the GHA and declinati tiont . 
of the sun is included in both volumes for use should the Air Almanac or Nautical 
Almanac not be available. These volumes are intended for solution of observations) 
of the sun, moon, planets, and any stars within the declination range. ; 

Example 3. —During morning twilight on June 2, 1975, the 0724 DR position off 
a ship is lat. 40°39/2S, long. 131°01/2E. At GMT 29h94m9538 (June 1) the navigato. 
observes Alpheratz with a marine sextant having no IC, from a height of ye of 38 feet. 
The hs is 20°15/3. 

Required.—The a, Zn, and AP, using Pub. No. 249, vol. III, and the Air Almanac 

Solution. — : 


June 2 Alpheratz ++ - 
GMT 22°24™039 June | 1c = — 
22h00™ = 224°46’ D 6’ 
4™035 1°01’ R 3/ 
SHA 358913! sum — 9’ 
GIA — 224°007 corr. (—)9’ 
ary 131°00’E hs 20°15 
LHA  355°00’ Ho 20°06’ 
ds -28°57’N Dec. Inc. 57’ 
al. 41°00’S 
ht. 20°51’ d (—) 60 Z S178°E 
corr. — (—)57" 
He 19°54” 
Ho 20°06’ 
a 12T al, 41°00’S 
Zn 005° ar 130°40'E 


Example 4 4-—During morning twilight on June 2, 1975, the 0724 DR position of 
a ship is lat. 40°39/2S, long. 131°O1! 2k. At GMT 22h24m038 (June 1) the navigator, 
observes Alpheratz with a marine sextant having no IC, from a height of eye of 38 feet.’ 
The hs is 2091523. 






















































































































































































































SIGHT REDUCTION 533 


Required—The a, Zn, and AP, using Pub. No. 249, vol. If], and the Nautical 
Almanae. 


Solution.— 
June 2 Alpheratz + * - 
GMT 22°24703° June 1 Ic — — 
225 219°45/7 D 6/0 
24™03° 6°01!7 ve -P 2'6 
SHA 358°13/2 sum — 8/6 
GHA 224°00‘6 corr. (—)8‘6 
ar 130°5914E hs 20°15/3 
LHA 355°00°0 Ho 20°06/7 


d  28°57/2N Dec. Inc. 57’ 
al. 41°00/0S 
ht 20°51°0 d (—)60 ZSi75°E 
corr. (—)57‘0 
He 19°54°0 
Ho 20°06!7 
o - o4r 
Zan 005° 


al. 41°00/0S 
an 130°59/4E 


2013. Tables of Computed Altitude and Azimuth (Pub. No. 214).—The 
publication of these sight reduction tables has been discontinued by the Defense 


_Mapping Agency Hydrographic Center. However, it is expected that navigators will 


use the volumes they possess for many years to come. The tables were published in 
nine volumes, each covering 10° of latitude in increments of 1°. For each degree of 
latitude there is a series of tables, with cutaway tabs providing quick reference to 
the first page of the tables for that latitude. Declination entries are given at intervals 
of 0°5 from 0° to 29°. Beyond this, 37 selected declination entries are given to provide 
solutions for all of the stars listed on the daily pages of the almanacs, and most of the 
additional stars listed near the back of the Nautical Almanac. A total of 96 declination 
entries are giver: for each Jatitude, arranged eight to a page. Each declination entry 
is given at the top of a column. The third variable, meridian angle, is given in the 
column at the extreme left and right sides of each page. These columns are labeled 
“H.A.,” the abbreviation for “hour angle,” the expression formerly used for meridian 
angle, but replaced because of confusion with local hour angle, Greenwich hour angle, 
etc. Meridian angle entries are given at intervals of 1° from 0° at the top of the page 
to the maximum value at which the altitude is 5° or greater. 

At most page openings, separate tables are given for declination having the same 
name (N or 5) as the latitude and those having contrary name (one N, the other S$). 
That is, declination values on the left-hand page (same name) ere duplicated on the 
right-hand page (contrary name). A maximum of ninety-one meridian angle entries 
(0°-90°) are given on the left-hand page (same name). As either the declination or the 
latitude increases, the number of same-name entries increases, and the number of 
contrary-name entries decreases. When the same-name entries exceed 90° of meridian 
angle, the additional ones are placed on the right-hand page, below the contrary-name 
entries. At extreme values of declination and latitude there are no contrary-name 


. entries, the same-name entries occupying both pages. 


In each declination column there are four sets of figures. The first, given in bold 
type, is the altitude (labeled “Alt.”) to the nearest 0/1. Following this is Ad in small 
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SIGHT REDUCTION 


type. This is the change of altitude for a unit change of declination. Except when 
the value is 1.0, entries are given in hundredths of a unit, although the position of 
the decimal point is not shown. Following Ad, and also in small type, is At, the change 
of altitude for a unit change of meridian angle. This is given in the same form as Ad. 
The last set of figures in the column is the azimuth angle (labeled “Az.”), to the nearest 
0°1. The current abbreviation for azimuth angle, Z, is used in example solutions. 

At latitude 0° the arrangement is modified because there is no “same” or “con- 
trary” name of declination. Here a single set of declination entries is given. Declination 
replaces latitude as the prefix label for azimuth angle. 

Following the altitude-azimuth section of each latitude is a two-page star identifi- , 
cation table. The use of this table is explained in article 2213. 

On the inside front cover and its facing page is a speed-time-distance table, which! 
is useful in advancing or retiring lines of position, as well as for other purposes. This! 
inble contains information similar to that in table 19, but in somewhat different form. 
Volume VIII and older printings of other volumes have sextant. altitude correction | 
tables on these pages. 

Following the speed-time-distance table is an are to time conversion table. 

Following the title page and preface are given a description of the tables, and sample 
problems. 

On the inside buck cover and facing page is given a “multiplication table” t 
multiply Ad or At by the number of minutes between the declination or meridian | 
and the value used for entering the main table. This is used in interpolating the altitude 
for declination or meridian angle. 

On the two pages next preceding the multiplication table is given a somewhat 
similar table to provide easy interpolation for latitude. 

The use of the vatious parts of Pub. No. 214 is explained in articles 2014-2016 
and 2213. The primary purpose of Pub. No. 214 is to provide an easy method of sight 
reduction for use with the Nautical Almanac aboard ship. Jt may also be used with the 
air Almanac, and for solution of any spherical triangle for which entry values are 
given. Therefore, it can be used in great-circle sailing for determining the initial course 
and the distance. 

2014. Pub. No. 214 solution by Ad only.—I* interpolation is me for all three 
variables—latitude, declination, and meridion angle—a triple interpolation is needed. | 
A simpler solution, almost universally used with Pub. No. 214, is to select an assumed” 
position that will eliminate interpolation for latitude and meridian angle, leaving 2: 
simple interpolation for declination. 

Example.—Find computed altitude (He) and azimuth (Zn) if al is 41°00°0N, de 
is 22°14/3N, and t is 36°00/0W. | 

Sclution.— 


" 
| 
7 
| 


. 
' 
i 
i 


In Oe ieeasae 


t. 36°00/0W 
d 22°14'3N sd diff. 1413 
al: 41°00/0N 
ht 54°16/8 Ad (-+-) 0.65 ZNi11SOW 
corr (+) 913 
He 54°26/1 
Zn 249°0 i 
i 
The main table is entered with the three variables, t, d, and al. (being sure to} 
note whether d and al. are of same or contrary name); and the values of ht (tabulated 


altitude, labeled “Alt.” in Pub. No. 214), Ad, and Z are taken directly from the table, ° =~, 


without interpolation. The tabulated altitude (ht) is the computed altitude (He) for 
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SIGHT REDUCTION 535 


the values used for entering the table. The designation ht is used to distinguish it from 
the Hc obtained by applying a correction to the value taken from the table. 

The declination entry argument used should be the tabulated entry nearest the 
-declination for which a solution is sought, normally differing by not more than half 
a degree. The difference between this value and the actual declination is recorded 
as “d diff.’ No sign (-++ or —) is assigned to this value. It is good practice to show 
Ad as a decimal, even though it is not tabulated in this way. The sign of this value 
should be determined carefully by inspection of the main table of Pub. No. 214. Inter- 
polation of altitude for declination is made between the base value taken from the 
table and the value given on the same line in the next column to the right or left. 
The choice of the second column depends upon the actual declination. If it is greater 
than the value used for entering the table, use the next column to the right, and if less, 
use the next column to the det. If the value in the second column is greater than the 
base value, the sign is plus (-++), and if less, the sign is minus (—). The accuracy of 
this important sten can be checked by comparing the computed altitude (Hc) with 
the altitudes given in the main table of Pub. No. 214. If Ad has been given the correct 
sign (and applied correctly), He should lie vetween the tabulated altitudes in the 
columns for tabulated declination next smaller and next larger than the actual 
declination. 

The azimuth angle is given a prefix N or S to agree with the latitude, and a suffix 
E or W to agree with the meridian angle. For this reason it is good practice to label 
these values when they are recorded. 

The next step is to multiply Ad by d diff., to interpolate between the altitude 
entries for consecutive declination columns. In most instances, the easiest way to do 
this is to use the multiplication table on the inside back cover of Pub. No. 214 and its 
facing page, entering separately with minutes and tenths of minutes of Ad and adding 
the two parts. The correction, which is recorded below ht, is given the sign of Ad. 
The correction is then added or subtracted, in accordance with its sica, to ht. The 
answer is computed altitude (Hc). 

Azimuth (Zn), which is recorded below He, is found by converting azimuth angie 
(Z) in accordance with its labels, as explained in article 1430. Usually, azimuth angle 
is found without interpolation. 

Tf Ad is changing rapidly, or when it changes sign (at the maximum altitude for 
the given meridian angle and latitude), interpolation may be somewhat less accurate 
than in other parts of the tables, but this should not introduce a large error unless the 
celestial body is near the zenith, when the method of Pub. No. 214 is not recommended. 

2015. Pub. No. 214 solution by Ad and At is similar to that using Ad only, but 
with the additional step of interpolating between the altitude entries for consecutive 
meridian angle entries, in a similar manner to interpolation for declination. 

Exzample.—Find computed altitude and azimuth if @T. is 41°00/0N, d is 20°48°7S, 
and t is 22°14/0H. 





Solution. — 
t 22°14/0E t diff. 14/0 tcorr. (—) 4!2 
d 20°48/7S e diff. 11/3 d corr. (+) 10/8 
al, 41°00'0N corr. (+) 6/6 
ht 244371 Ad (+) 0.95 At (—) 0.30 Z N157°4E 
corr. (+ )6/6 
Hc 24°4977 
Zn = 157°4 
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In this solution, t diff. is the difference between the meridian angle and the nearest 
whole degree of t used for entering the table. The t corr. is t diff.xX At, found by using} 
the same multiplication table used for the d corr. The sign of At is found by inspection} 
of the main table. In this example interpolation is between the base altitude for t 22°,} 
and the altitude for t 23°. Since the altitude for t 23° is less than that for t 22°, the: 
correction should be subtracted, so that the interpolated value will lie between the two 
values between which interpolation is being made. The sign of Ad is found by comparing 
the altitude for d 21°00’ with that for d 20°30’. The total correction is the algebraic 
sun. «f the t corr. and d corr. 

The principal advantage of this solution is that a round of sights can be worked and 
plotted from the same assumed position. However, this advantage is offset by the addi- 
tional length of the solution. The method is little used. 

2016. Pub. No. 214 solution by Ad, At, and AL.—If the altitude and azimuth 
at a particular place are desired, interpolation should be made for all three variables, t, 
d, and L, if needed. The change in altitude for a change of latitude of 1’ (AL) is not 
tabulated. The table on the two pages preceding the multiplication table of Pub. No. 214 
is used for finding the correction for latitude. 

Example 1—Find computed altitude and azimuth if aL is 41°12'85, d is 21°32'5S, 
and t is 8°52‘3W. 


sven A MATT ONT” 


Solution. — 
t 8°52'3W t diff. 7/7 — = 
d 21932158 d diff. 2/5 t corr. 2/4 
aL 41°12'8S L diff. 12‘8 d corr. 214 
ht 69°04/0 Ad (+)0.94 At (+)0.32 L corr. 17 
corr. (—)6/9 sum 4{8 1157 
He 68°5771 corr. (—)6!9 
Zn 336°0 Z $156°0W 
The corrections for meridian angle and declination are found as explained in 
articles 2014 and 2015. The L corr. is found by entering the correction table with 
azimuth angle and L diff., the difference between the latitude of the assumed position 
and the nearest whole degree used for entering the main table. It is customary to inter- 


polate in this table, where applicable, but the error introduced by not doing so is always } 
less than 0/3 if the nearest whole degree of azimuth angle is used. The sign of the latitude ! 
correction is determined by the rules given at the bottom of the correction table. The 
total correction is the algebraic sum of the three individual corrections. 

All of these are altitude corrections. The azimuth is that corresponding to the 
values used for entering the main table. If the exact value at the place is desired, it 
can be found by interpolation. If such an interpolation is made, the interpolated value 
should be used for entering the latitude correction table for altitude interpolation. 

In sight reduction for plotting lines of position, it is not customary to interpolate 
for azimuth angle when Pub. No. 214 is used. However, if greater accuracy is desired, 
as for determining compass error, triple interpolation should be made. This is custom~ 
arily accomplished by entering the main table of Pub. No. 214 with the nearest values . 
of t, d, and L, and taking out the corresponding tabulated value. Simple eye interpola- | 
tion is then used to determine separately the correction for each of the three variables. 
The algebraic sum of these is the correction applied to the base value. The Ad, At, and 
AL corrections are not used because these refer to the altitude, not the azimuth. Correc- | 
tions are made to azimuth angle before it is converted to azimuth. | 
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Interpolation for azimuth is discussed in more detail in article 2028. 

The complete solution includes all of the parts listed in article 2001. Because of 
the various alternatives available for the separate parts, a large number of variations 
might be used in the complete solution. 

Example 2.—During morning twilight on June 1, 1975, the 0624 EP of a ship is lat. 
41°12'3S, long. 178°39/2E. At ZT 6°24"57* the navigator observes Mars with a marine 
sextant having an IC of (—) 1/0, from a height of eye of 53 feet. The hs is 41°45/9, 

Required—The a, Zn, and AP, using Pub. No. 214 (Ad, At, AL) and the 
Nautical Almanac. 


i 
} 
5 
| 
I 





Solution.— 
June 1 Mars + M — 
ZT 6°24™575 18 1934/4N d (+)0.7 IC 1/0 
ZD (—) 12 corr, 0/3 D 71 
GMT 18"24"57*May 31d 1°3477N vr-P 1/0 
18 150°48/3 add’]. 0/1 
24578 6914/3. (+) 0.8 sum 0/1 971 : 
v corr. _(4)0%3 corr. (—)970 | 
GHA 157°02/9 hs 41°45/9 i. 
an 178°39/2E Ho 41°36/9 i 
LHA 325°42/1 i 
t 24°17/9E t diff. 17/9 + = 
d 1%34/7N ad diff. 4/7 t corr. 715 
aL 41°12/3S L. dift. 12/3 d corr. 4/2 
ht 42°3371 Ad(—) 0.91 At(—)0.42  Leorr, 10%: : 
corr. (—)22/0 sum 22/0 
He “al°51 1 corr.  (—})22/0 
Ho 41°36/9 Z $146°7E 
a 74.24 aL, 41°12/3S 
Zn 03323 ad 178°39!2E 


Special Techniques 


2017. Adjustment of straight line of position.—T able 4 gives the corrections to the 
straight line of position (LOP) as drawn on a chart or plotting sheet to provide a closer 
approximation to the arc of the circle of equal altitude, a small circle of radius equal to 
the zenith distance. As shown in figure 2017, the corrections are offsets of points on the 
LOP end are drawn at right angles to the LOP in the direction of the observed body. 
The offset points are joined to obtain the arc of the small circle. Usually the desired 
approximation to the arc of the small circle can be obtained by drawing a straight line 
through two offset points. The magnitudes of the offsets are dependent upon altitude 
and the distance of the offset point from the intercept. 

2018. Graphical interpolation of altitude for latitude and local hour angle.—In 
principle the graphical method for interpolating altitude for latitude and local hour 
angle is the measurement of the difference of the radii of two circles of equal altitude 
corresponding to the altitudes of a celestial body from tio positions at the same instant. 
One circle passes through the assumed position (integral latitude and that longitude : 
providing an integral LHA), and the second circle passes through the dead reckoning - there 
position or other position from which the computed altitude is required. 
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46°N iin 


Offset for Alt 70° and 
45 miles from intercept 
0'8) 








Offset for Alt 70 and 
40 miles from intercept 


(056) 
Closer approximation 
to arc of circle of 
30! equal altitude (70°) 
45°N Poppa 
31 ow 30° 30° Ww 


Figure 2017.—Adjustment of straight line of position. 


The measurement, which is the difference in zenith distances as measured from the 
zenith of the assumed position and the zenith of scme nearby position, is effected 
as follows: 

1. Draw the azimuth line from the assumed position (AP) as shown in figure 2018 
{the azimuth angle is interpolated for declination increment before conversion to true 
azimuth). 

2. From the position (DR) for which the computed altitude is required, draw a 
line perpendiculer to the azimuth line or its extension. This Jine approximates the arc 
of the circle of equal altitude passing through the DR. 

3. Measure the distance from the foot of the perpendicular to the DR in nautical 
miles. 


4. Enter table 4 with the distance of the DR from the foot of the perpendicular, 
and the altitude of the body as interpolated for declination increment; extract the offset. 

5. From the foot of tiie perpendicular and in a direction away from the celestial 
body, lay off the offset on the azimuth line or its extension. 

6. As shown in figure 2018, a closer approximation to the arc of the circle of equal 
altitude through the DR is made by drawing a straight line from the offset point to 
the DR. 
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7. The required correction, in units of minutes of latitude, for the latitude and 
-LHA increments is the length along the azimuth line between the AP and the arc of 
‘the circle of equal altitude through the DR. 

If the arc of the circle of equal altitude through the DR crosses the azimuth line 
thetween the AP and the body, the correction is to be added to the altitude interpolated 
for declination increment; otherwise the correction is to be subtracted. The method will 
give highly satisfactory results except when plotting on a Mercator chart in high 
latitudes. 

Ezample.— 


Computed altitude from AP He 70°05/0 
Observed altitude 70°00/0 
Intercept a 5. 0A 


Computed altitude from AP He 70°05/0 
Difference of the radii 20/4 
Computed altitude from DR He 69°44/6 


Computed altitude from DR He 69°44'6 
Observed altitude Ho 70°00/0 
Intercept a 15.4T 


The basic method should have most frequent application in great-circle solutions. 
2019. Pub. No. 229 interpolation near the horizon.—This discussion is restricted 
to the interpolation of altitude for declination within the 1° interval containing the 
horizon, indicated by the horizontal segments of the C-S Line. Interpolation of altitude 


in the interval under consideration is accomplished by using the last tabular altitude 

_and altitude difference appearing above the C-S Line. Since the last tabuler altitudes 
above the C-S Line indicates the body’s altitude above the horizon for LHA at top of 
page, for the pertinent latitude, and for the last integral declination above the horizontal 
segment of the C-S Line pertaining to that particular latitude, interpolation resulting in 
positive altitudes may be carried out for increments of declination of contrary name so 
‘ong as the interpolated altivude correction does not exceed the last tabular altitude 
above the C-S Line; for the LHA at bottom of page, positive altitudes will result when 
interpolating altitude for increments ef declination of same name so long as the inter- 
polated altitude correction exceeds the last tabular value above the C-S Line. Inter- 

‘polation for declinations and increments of declination in excess of the above limits 
results in negative altitudes. 

The tabuler azimuth angle pertinent to this one-degree interval of declination is 

«that immediately above or that immediately below the C-S Line, according as the 
entering arguments are contrary or same neme, respectively. The difference in azimuth 
angle for the interval is determined by taking the value of tabular azimuth angle, on 
the same side of the C-S Line as the LHA argument, from the supplement of that on 
the opposite side of the line. 

2020. Pub. No. 229 interpolation of negative altitudes.—This paragraph is re- 
stricted to tabular and interpolated altitudes for declinations other than one-degree 
intervals of declination containing the C-S Line. For all local hour angles at the top 
of the right-hand page, all tabular or interpolated altitudes on that page for declinations 
below the C-S Line are negative; also for any locai hour angle at the bottom of the right- 
hand page, all tabular or interpolated altitudes for declinations above the C-S Line 
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Offset 0:4 





50°N bs te pie line 
presentation of 
\ are of circle of 
equal altitude 
passing through 
DR (Altitude 
interpolated for 
declination, latitude, 
and LHA increments! 








Circle of equal altitude 
passing through AP 
(Altitude interpolated for 
declination increment only) 


DR 


31° W 30° 30°W 


Ficure 2018.—Graphical interpolation of altitude. 


are negative; additionally, for these same local hour angles and latitudes changed to 
Contrary Nome, the tabular or interpolated altitudes on the left-hand page are negative. 
Interpolation of altitudes for declination increments within these areas of negative 
altitude should, how ever, be accomplished as if the altitudes were positive, adhering 
strictly to the sign given d. Then, after interpolation, regard the results as negative. 
In all instances involving negative altitudes, except the one-degree interval of declination 
which includes the C-S Line, the supplement of the pertinent tabular azimuth angle 
is that to be converted to true azimuth by the rules to be found on each opening of the 
basic tables. 

2021. Interpolation near the zenith.—In the region within 4° of the zenith where | 
normal interpolation methods are inadequate, the following method can usually be | 
used to interpolate both altitude and azimuth angle. The Interpolation Table is em-| 
ployed in carrying out the desired interpolation, but the values of altitude and azimuth j 
angle extracted from the basic tables constitute data which require independent dif-: 
ferencing; the tabular altitude difference, d, is not used. : 

To carry out the altitude interpolation, the basic tables are entered with the per-j 
tinent LHA and Dec., and with the integral degree of Lat. so chosen that, when in-| 
creased by the declination increment, it is within 30’ of the known or DR latitude; | 
this practice will prevent long intercepts. For these entering arguments and for a latitude © 
and declination one degree more than the above referenced latitude and declination, 


sec EANALANLAA CRIDER ALIVE oN . 


respectively, extract the tabular altitudes and azimuth angles. The altitudes and“ - 


azimuth angles are then differenced and with these differences interpolation of altitude . 
and azimuth angle for the desired declination is made, utilizing the Interpolation ; 
Table. The computed altitude is then compared with that observed to determine the : 
intercept, which together with the interpoiated azimuth angle converted to true azimuth ' 
makes possible the construction of a line of position, which is plotted from the assumed — 
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longitude, and from the latitude of the entering argument, augmented by the declination 
increment. 


Example 1.— 
LHA Tat. Dec. Ho 
3°27’ 31°C6’N 28°35/1N 86°05/5 
Lat. Dec. Tab. He diff. Tab. Z diff. 
31° 28° 86°01 14 138°2 
i-+)1/0 (+)0°3 
32° 29° 86°02/4 138°5 


Interpolate to Dec.=28°35'1 . 
Dec. Inc.=35/1, diff.=(+)1/0, Z diff.=(+)0°3 


Tab. He 86°01 '4 Tab. Z 138°2 

Correction (+)9‘6 (+-)0°2 

He —36°0270 Z ~ 138% 

IIo 86°C5 15 
Intercept 3.5T Zn 221°6 
Plot from Lat. 31°35/1N 
Example 2.— 
LHA Lat. Dec. Ho 
357°19’ 37°58’S 36°13 41S 87°14/2 

Lat. Dec. Tab. He diff. Tab. Z diff. 

38° 36° 86°52/8 128°9 
(+)1'4 (+)0%4 

39° 37° 86°54 12 129°3 


- Interpolate to Dec. =36°13/1 


Dec. Inc. =13/1, diff.=(+)1/4. Z diff.=(+)0°4 





Tab. He 86°52‘S Tab.Z 128°9 
Correction - (+)0/3 (+5091 

He 86°53 /1 zZ 129°0 
Intercept 21.1T Zn ~—-951°0 


Plot from Lat. 38°13/1S 


2022. Precomputaiion.—Sometimes it is desired to determine computed altitude 
before the observation, generally for the purpose of obtaining a line of position quickly 
after the observation has been completed. Tais is called precomputation. When it is 
done, sextant altitude corrections are generally applied with reversed sign to Hc to obtain 
precomputed altitude (Hp), which is then compared directly with hs to obtain the 
altitude intercept for plotting a line of position. Where altitude is needed for entering 


" correction tables, the computed altitude (He) is used. The error introduced by this 


practice is negligible except at low altitudes, where the corrections should be adjusted 
by using the Hp to reenter the tables. If greater accuracy is required, limit precom- 
putation to He and Zn, and apply corrections to ‘he sextent altitude after observation. 
Example—On June 2, 1975, the 1025 DR position of a ship is lat. 42°21/4S, 
long. 118°47'1W. The navigator plans to observe the lower limb of the sun at this 
time with a marine sextant having an IC of (+)2‘5, from a height of eye of 25 feet. 
Required ——(1) Precomputed altitude by Pub. No. 214, Ad only, (2) the a, Zn, 
and AP if hs is 22°23'6. Use Nautical Almanae. 
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542 SIGHT REDUCTION 
Solution-— 
June 2 Sun + Oo — 
ZY 1025700" 18 39°1075N d(+-)0/3 IC 275 
ZD (4+-)8 dcorr, (+011 D 4!9 
GMT — 18®25700* June 2 d 22°}0/6N © 13/7 
18° 90°32/0 sum 16/2 4/9 
25700° 6°50 corr. (4+)11%5 


GHA 95°47 10 
an 118°47/0W 

LHA —338°00'0 
t 22°00/0E 


d 22°r1/5N d diff. 1976 
aL 42°00:05 
ht 22°50°5 Ad (—)0.95 Z $157°9E 


corr. (—)10/1 

He 22°4074 
corr. (+)11/3 (rev.) 

(i) Hp 22°29') 


hs 99°93 '6 
(2) @ 5.54 aL, 42°00/08 
Zn 022°1 ad 118°47/0W 


At the AP used in the calculation, Hp is correct only for the time used. However, 
if the observation is made early or late, the same Hp and Zn can be used by moving 
the AP along the parallel of latitude, eastward for early observations, or westward for 
late observations, a distance equal to 0/25 of longitude for each second (15:0 for each 
minute) difference between actual and predicted times. This adjustment is based upon 
the assumptions that the apparent motion of the body is westward at the rate of 15° 
per hour, and the declination is constant. Over the seconds or minutes likely to be 
involved, these assumptions and the possible increased length of the plotted lines do 
not introduce a significant error, except possibly for the 110on. 

2023. Low altitudes.—When He is determined by inspection tables such as Pub. 
No. 214, a minimum tabulated altitude may be available. In Pub. No. 214, altitudes 
beiow 5° are not given. These tables can be used for low-altitude observations by 
selection of an AP that will result in He being 5° or greater. To do this, proceed as 
follows: At the time of observation, note the approximate azimuth of the celestial body. 
Plot the azimuth line through the DR or EP and measure off, toward the celestial body, 
a distance equal to 6°—hs (or 6°—Ho). Select the AP in relation to this point as if it 





were the DR or EP. Occasionally it may be necessary to use 7°—hs (or 7°—Ho). | 
The increased length of the altitude intercept line does not introduce a significant | 


error over the distance that a rhumb line can be considered identical to a great circle. 
Only in high latitudes is this a problem, and here the error can be virtually eliminated 
by using a chart projection on which a great circie plots as a straight line or approxi- 
mately so. The error introduced by using a rhumb line to represent the circle of equal 
altitude (the Hine of position) is not increased because the AP selected is near the 
azimuth line. 

Ezample.—On dune 1, 1975, the 1625 DR position of a ship is lat. 43°397S, 
long. 15°07/0W. At GMT 17°2422* the -.-cigator observes the lowe: limb of the sun 
as it breaks out below an overcast, shortly before setting. He uses a marine sextant 
having no IC, and makes his observation from a height of eye of &2 feet. The hs is 
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1°01°6, air temperature (art. 807, vol. IJ) 24°F, and the atmospheric pressure (art. 808, 
~ vol. II) 30.16 inches. Whe sun’s azimuth is approximately 305°. 
Required.—The a, Zn, and AP using Pub. No. 214 (Ad only), the Nautica’ Almanae, 
and tables 23 and 24. 
Solution. — 


June i Sun 
GM's 17524™22° June 1 17° 22°0271N d(+-)0/3 
17" 75°3414 dcorr. (-+) 0/1 
24"22° —_ 6°055 d 22°02'2N sum — 
GHA 81°3979 eae 
ar 20°39/9W hs 
LHA  61°00/0 ha 
t 61°00/0W 
d = 22°02/2N d diff. 2/2 Q 
aL 41°0070S T 
ht 5921/8 Ad(—)0.75 Z Si125°5W B 
corr, ‘=)1¢7 sum 
He =5°20/1 corr. 
Ho  0°43/9 ha 
a 276.2A “U 41°00/0S Ho 
Zn 305.5 ad 20°39/SW 


va 
Nig 
ow 
Jef 


ee =| 3! 
oer s Rp Ns 
: aslaclols 


wpenwes 


Refer to figure 2023. From the 1625 DR position, the approximate azimuth of 
305° is plotted, as shown by the broken line. Along this line a distance of 6°C0‘0— 
0°43'9==5°16/1, or 216.1 miles, is measured, locating the point labeled 4. The AP is 
selected with respect to this point as if it were the DR position. The sight is plotted 
from this AP as in any observaticn. If it makes the plot easic., record @ in the solution 


in degrees and minutes of arc instead of in miles (5°20/1—0°43/9==4°36/2=276/2= 
276.2 miles). 

Large altitude differences con be avoided by uumg a method of solution that pro- 
vides for low altitudes. Among such metheds are Pub. Nos. 229 and 249; nearly any 
trigonometric method such as the cooine-haversine formula, the Ageton Method (table 
’ +; and most graphicol and mechanica: methods. All of these mechods are discussed 
in chapter XXT. If a trigonometric method is used, the signs of the various functions 
(or special cules) should be used if there is a possibility of He being negative. The need 
for special care can be eliirinated by using an assumed po:’ ion about half a degree or 
more from the DR position or EF, ‘n the direction of the celestial body, if the altitude is 
less than 0°30’. 

By any method of solutio.., if either He or Ho (but not both) is negative, the alti- 
tude intercept is found by numerically adding the two altitudes. Thus, if He is (+-)0°12'6 
and Ho is (—)0°03°2, the altitude intercept, a, is 15/8, or 15.8 miles. The positive altitude 
is greater than the negative one. Therefore, the w in this cese is away. If both Hc and Ho 
t-e negative, the difference is found by subtraction, but in this case the one which is 
numerically smailer is the creater altitud 2. Thus, if He is (—)0°09/6 and Ho is (—)0°04/3, 
the sltituae intercept. is 5.3T. 

2024. High altitudes are usually evoided for at least two reasons. First, bodies 
near the zenith are difficult to observe. A star or planet is diffics't to “bring down” 
to the horizo It is not always easy to determine the azimuth accurately, and when 
near the zenith, a vody may be changiug ezimuth rapidly. On the other hand, such 
observations are little affected by astrenomical refraction. The second reason for 
avoiding high altitudes is one of geometry. As the altitude increases, the radius of 
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Ficure 2023.—Selecting an AP for low-altitude solutions by Pub. No. 214. § 
s 
the circle of position decreases. For a body near the zenith, the radius is so small - 
that the use of a straight line to approximate the circle may introduce serious error. Sa 


With higher altitudes, it is good practice to avoid use of lines of position extending 
a considerable distance from the azimuth line. Since the decrease in radius is gradual, 
there is no one altitude at which the curvature becomes excessive. However, a safe 
general rule, if one is needed, is to use the DR position or EP as the assumed position, 
and interpolate for azimuth angle, for all altitudes greater than 70°. The purpose of 
this is not primarily to decrease the altitude intercept, as sometimes suggested, but to , 
decrease the length of the line of position. 
Within perhaps three degrees of the zenith, the curvature of the circle of positicn 
becomes so great that even for a slort distance a straight jine is not an adequate repre- 
sentation of the circle. At these altitudes, it is good practice to plot the line of position 
as a circle. This is done by using the geographical position (GP) of the celestial body 
as the center, and the zenith distance as the radivs. Hence, no sight reduction tables 
are needed. The same body can be used for obtaining a fix from two observations 
separated by several minutes, Jn celestial navigation, as in piloting, a circle of position 
is advanced or retired by moving its center. : 
Example-—On May 31, 1975, the 1224 DR posi ion of a ship is lat. 20°17/4N, 
long. 50°07'4W. The ship is on course 127°, speed 18 knots. Using a marine sextant is 
having no IC, the navigator observes the lower limb of the sun twice, from a height uf“ 
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eye of 65 feet. The first observation is made at GMT 15°15™15*, and hs is 88°01/1. 

The second observation is made at GMT 15°24713*, and hs is 87°34/7. The GHA of 

the sun at GMT 15"15™15° is 49°25'6. Use the same declination as at GMT 15%24™13*, 
Required —The 1224 fix. 








Solution. — 
May 31 Sun + Q — 
GMT 15°15™15* May 31 d 21°53°1N Ic — — 
GHA 49°25'6 D 7/8 
© 15!9 
GPL, 21°53/1N ny a ae 
GP, 49°25:6W ees 
radius 110.8 mi. Yo ~ 889092 
% 1950/8 
May 31 Sun + Q — 
GMT 15°24™13° May 31 15® 21°53/0N d (4+-)0/3 Ic — _ 
15" 45°36/8 dcorr, (+)0¢1 D 7/8 
24™13* 6903/3 d 21°53 11N @ 15/9 
GHA ~ 51°40°1 sum 15/9 7/8 
corr. (+)871 
GPL, 21°5341N hs $7°3417 
GP), 51°40/1W Ho 87°42'8 
radius 137.2 mi. % 2°17/2 


Answer.—-1224 fix: L 20°09'0N, 4 50°06/0W. 

The plot of this problem is shown in figure ?024. No significant error would be 
introduced by assuming the same declination ana sextant altitude correction for both 
observations, and » change of GHA equal to the arc equivalent of the time difference 
between observations (art. 1811). In east longitude the GP longitude would be 
360°— GHA. 

Latitude by Meridian Transit 


2025. Meridian altitudes—The latitude of a place on che surface of the earth, 
being its angular distance from the equator, is measured by an arc of the meridian 
between the zenith and the equator, and hence is equal to the declination of the zonith; 
thorofore, if the zenith distance of any heavenly body when on the meridian be known, 
together with the declination of the body, the latitude can be found. 

Figure 2028: shows the celestial sphere surrounding the earth: P,MP, is the upper 
oranch of a celestial meridian and LL’ a portion of the corresponding geographic 
meridian. The declination of 2 body at M (arc QM) is numerically equal to the latitude 
of its geographical position at GP. The zenith distance of a bodv is equivalent to the 
distance on earth between the geographical position of the body and the position of the 
observer. In figure 2025a the zenith distance of M is 20° and its declination is 20°N. 
Ifthe body is on the meridian, the GP is also on the meridian. Since P,, Z, and M are 
all on the celestial meridian, the navigationel triangle flattens out to a line. The ob- 
server is 30° north of the GP (L 50°N) if the body is seon to bear south, or 30° south 
of the GP (L’ 10°S) if the body is seen to bear north. The navigator knows whether 
the GP is north or south, because it is the same as tho direction he faces when making 
his observation. 























(a1 nrmarmruee emtenINAAN TN RMON 























































































































































546 SIGHT REDUCT:ON 


S2°w 5i°W 50°W 49°w 
GP, 22°N 
® 


QGP, 





22°N 


a ort) i tty iy Pe 


















T 
eH 


TRE Ee 


21°N 21°N 





20°N 
° 524 CO sew 50°w 4o°w 


8 
z 


Figure 2024.—Plotting high-altitude observations. 


In the diugram on the plane of the celestial meridian shown in figure 2025b, M is 
the position of a celestial body north of the equator but south of the zenith; QM is 
tho declination of the body ;SM is the altitude (h); and MZ is the zenith distance (z). 

From the diagram: 

QZ=QM+MzZ, or L=d+z. 


With attention to the direction of the GP and the name of the declination, the 
above equation may be considered general for any position of the body at upper transit, 
as M, M’, M’’. 

When the body is below the pole, as at M’’’— that is, at its lower transit—the same 
formula may be used by substituting 180°—d for d. Another solution is given in this 
case by observing that: 
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NP,=P,M’”+NM”, or L=p-+h. 


By drav7ing that half of the diagram on the plane of the celestial meridian con-| 
taining the zenith, the proper combination of zenith distance and declination is made | - 
obvious, as shown in the following examples: 

F ample i.—The navigator observes the sui on the meridian, bearing south. The ~ 
declination of the sun is 10°00‘0N; the corrected sextant altitude (Ho) is 60°C0-0. 
Required. —The latitude. 

Solution.— L=z+d. 

90°00:0 

Ho 60°00/0 

% 30°00/0 ™~.. 

d— 10°00/0N 
UL 40°0070N 


SEE 
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Figure 2025a.—Body on celestial meridian. 
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Fieure 2025c.—Meridian altitude diagram. 


Example 2.—The navigator observes the sun on the meridian, bearing south. The 
declination of the sun is 10°00/0S; the corrected sextant altitude (Ho) is 65°00/0. 

Required.—The latitude. 

Solution — L=z—d. 


90°00/0 

Ho 65°90/0 

,  25°00'0 
10°00/0S 
15°00/0N 


ANTE a RMA earner 


-_/ 
Te 
i? 
re 


Fiaure 2025d.—Meridian altitude diagram. 


Example 3.—The navigator observes the sun on the meridian, bearing north. The — 
declination of the sun is 20°00/0S; the corrected sextant altitude (Ho) is 60°00/0. 

Required.—The latitude. 

Solution. — L=z+d. 


90°00/0 
Ho 60°09/0 


z 30°00’ 
d —-.20°00708 
50°00/0S 
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“ Frouret 2025¢.—Meridian altitude diagram. 


Example 4.—The navigator observes the sun on the meridian, bearing north. The 
declination of the sun is 23°00/0N; the corrected sextant altitude (Ho) is 72°00/9. 


Es 
ea 





y 
Required.—The latitude. 
Solution — L=d—~z. 
90°00/0 
Ho 72°00/0 
: z  18°00/0 
‘ , d —-23°00/0N 
' L 5°00'0N 
E Example 5.—In the vicinity of the equator, the navigator observes the sun on 
is the meridian, bearing north. The declination of the sun is 22°05/0N; the corrected 


sextant altitude (Ho) is 67°45/0. 
Required.—The latitude. 
Solution — L=z—d. 


90°00/0 
Ho 67°45/0 
% 22°15/0 
d 22°05/0N 
L 0°10/0S 


Ot 
! 
ate 
-21—! 
vod 
m2 
ware L= d-z 
| f 
i, N S 
Fiegurr 2025f.—Meridian altitude diagram. 
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Fictre 2025g.— Meridian transit in the vicinity of the equetor. 


Example 6.—The navigator in high northern latitudes observes the sun on the 
celestial meridian, bearing north. The declination of the sun is 18°46/0N; the corrected 
sextant altitude (Ho) is 6°22/0. 

Required. —The latitude. 

Solution. — L=(180°—d) ~z, or 


L=p-+h. 

90°00'0 
Ho 6°22'0 
% $3°38'0 
1$0°—d_ 161°140N 
L 77°38 '0N 


L= (180°-d)—2, or 
L=p+h 





Ficure 2025h.—Meridian altitude at lower transit. 


the GP is beyond the pole, or on the /ower branch of the observer's meridian. 

If an cbservation is made near but not exactly at meridian transit, it can be solved 
as a meridian altitude, with one modification. Enter table 29 with the approximate 
latitude of the observer and the declination of the body, and take out the altitude 
factor (a). This is the difference between meridian altitude and the altitude one minute 
of time later (or earlier). Next, enter table 30 with the altitude factor and the difference 
of time between meridian transit and the time of observation, and take out the correc- 
tion. «dd this value to Ho if near upper transit, or subfract it from Ho if near lower 
transit. Then proceed as for a meridian altitude, remembering that the value obtained 
is the latitude at the time of observation, not at the time of meridian transit. This 
































Since the sun’s GP is 83°38/0 north of the observer in high northern latitudes, : 
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method should not be used beyond the limits of table 30 unless reduced accuracy is 
acceptable. This process is called reduction to the meridian, the altitude before adjust- 
ment an ex-meridian altitude, and the observation an ex-meridian observation, It 
requires knowledge of the meridian angle, which depends upon knowledge of longitude. 

2026. Finding time of meridian transit—If a meridian altitude is to be observed 
other than by chance, a knowledge of the time of transit of the body across the meridian 
is needed. 

On a slow-moving vessel, or one traveling approximately east or west, the time 
need not be known with great accuracy. The right-hand daily page of the Nautical 
Almanac gives the GMT of transit of the sun and moon across the Greenwich meridian 
(approximately LMT of transit across the local meridian) under the heading “Mer. 
Pass.” In the case of the moon, an interpolation should be made for longitude. This 
is performed in the same manner as finding the LMT of moonrise and moonset (art. 
1912). In the case of planets, the tabulated accuracy is normally sufficient without 
interpolation. The time of transit of the navigational planets is given at the lower 
right-hand corner of each left-hand daily page of the Nautical Almanac. The tabulated 
values are for the middle day of the page. These times are the GMT of transit across 
the Greenwich meridian, but are approximately correct for the LMT of transit across 
the local meridian. Observations are started several minutes in advance and continued 
until the altitude reaches a maximum and starts to decrease (a minimum and starts 
to increase for lower transit). The greatest altitude occurs at upper transit (and the 

- least at lower transit). This method is not reliable if there is a large northerly or southerly 
component of the vessel’s motion, because the altitude at meridian transit changes 
: _ slowly, particularly at low altitudes. At this time the change due to the vessel’s motion 
may be considerably greater than that due to apparent motion of the body (rotation of 
the eaith), so that the highest altitude occurs several minutes before or after meridian 
transit. 
If the moment at which the azimuth is 000° or 180° can be determined accurately, 
the observation can be made at this time. However, this generally does not provide a 
high order of accuracy. 
If the longitude is known with sufficient accuracy, the time of transit can be 
- computed. A number of methods of computation have been devised, but perhaps the 
simplest is to consider the GHA of the body equal to the longitude if west, or 360°—A 
if east, and find the time at which this occurs. 

Example 1.—Find the zone time of meridian transit of the sun at longitude 156° 

44°2W on May 31, 1975. 







Solution.— 
May 31 
PN 156°44/2W 

GHA 156°44/2 
22 150°36/1 
247325 §°0871 

GMT 39°94"32* May 31 

ie ZD (+)10 (rev.) 

ZY 12"24™32* 


This solution is the reverse of finding GHA. The largest tabulated value of GHA 
that. does not exceed the desired GHA is found in the tabulation for the day, and 
recorded, with its time. The difference between this value and the desired GHA is 
then used to enter the “Increments and Corrections” table. The time interval cor- 
responding to this value is added to the time taken frem the daily page. If there is ar 








ag 4th ge ak 


0 ce HH CLM AA I 


My teh pal a 















Pee ps ti an Pe aN Be hl son iy DT 









ek bah a ea aw a 













































































































































































































































552 SIGHT REDUCTION 


correction, it is subtracted from the GHA difference before the time interval is deter- 
mined. The GMT can be converted to any other kind of time desired. If the Greenwich 
date differs from the local date at the time of transit (for the sun this can occur only 
near the 180th meridian), a second solution may be needed. This possibility can often 
be avoided by making an approximate mental solution in advance. As the basis for this 
approximate solution, it is convenient to remember that the GMT of Greenwich transit 
(GHA 0°) is about the same as the LMT of local transit. To find the time of transit of a 
star, subtract its SHA from the desired GHA to find the desired GHA . Determine the 
time corresponding to GHAT, as explained above for the sun. 

Aboard a moving vessel, the longitude at transit usually depends upon the time 
of transit. An approximate mental solution may provide a time sufficiently close. In 
the absence of better information, use ZT 1200 for the sun. Find the time of transit 
for the position at this time, and then make an adjustment, if necessary, for the sun 
between 1200 and the time found by computation. This adjustment is equal io four 
seconds for each minute of longitude involved. If the ship is west of the 1200 position 
at the computed time of transit, add the correction; and if east, subiract it. The result is 
the first estimate of the zone time of local apparent noon (LAN) or of meridian transit. 
For high accuracy a second adjustment may occasionally be needed, but this is seldom 


justified because of the uncertainty of the vessel’s position. If the second adjustment is | 


made, the result is the second estimate. 


F LMT 1158 LMT 1158 


E i ZT 1226 
























113°E oan 


Figure 2026.—Time of meridian passage. 


The time of transit of the sun can also be found by means of apparent time (art. 
1818). Meridian transit occurs at LAT 12"°00700*. This can be converted to any other 
kind of time desired. 

Example 2.—Find the zone time of meridian transit of the sun as observed aboard 
a ship steaming at 20 knots on course 255° on May 31, 1975, using the positional data 
given in figure 2026. 

Solution — 


May 31 
360°00/0 
PA 112°55/0E 
GHA 247°0570 
4° 240°37'7 
25™49° 6°27'3 
GMT ~425"49* May 31 
ZD (—)8 (rev.) 
ZT $2>25™49* 
dd (+) 0736? 
ZT  12°26™25* (first estimate) 
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SIGHT REDUCTION 553 


Ee The second estimate of the zoue time of meridian transit is found by plotting the 
E DR position for the first estimate of the zone time of transit and then applying the dA 
between this DR and the 1200 DR to the time found by computation. 

























ZT =: 12825™49* 
dy = (+)0"37°* 
ZT 12°26726° (second estimate) 


As shown in figure 2026, the zone times of meridian transit are noted on several 
successive meridians. This is accomplished by extracting the LMT of meridian transit 
from the daily page of the Nautical Almanac and converting this time to the zone 
time for each meridian. The time when the ship and the sun are on the same meridian 
can then be obtained by inspection to within approximately one-half minute. 


Polaris 


2027. Latitude by Polaris.—Another special method of finding latitude, available 
in most of the Northern Hemisphere, utilizes the fact that Pol~is is less than 1° from 
the north celestial pole. As indicated in article 1432, the altitude of the elevated pole 
above the celestial horizon is equal to the latitude. Since Polaris is never far from the 
pole, its observed altitude (Ho), with suitable correction, is the latitude. 

The r-ture of this correction as tabulated in the Air Almanac is suggested by 





inspection of figure 2027b in which the circle represents the path of Polaris around the 3 
: north celestial pole (P,,), as seen by an observer on earth looking along the axis P,P, 
(fig. 20270). The line ab represents a small portion of the observer’s meridian. Polaris is 
at upper transit at a and at lower transit at 6. This is also shown in figure 2027b, to ql 


larger scaie. Latitude is equal to the altitude minus the polar distance (p) when Polaris 
is at a and plus the polar distance when it is at 6. When the star is at any point c, the 
Polaris correction is polar distance times ‘he cosine of the local hour angle (corr.=p 
cos LHA). ‘Thus, the correction is a function of LHA of the star, and hence also of 
LHA ®, insofar as the difference between these quantities (the SHA) can be considered 
coustant. 


sada a 


i th ull, 












Ficure 2027: —Latitude is equal to the (1) decli- Figure 2027b.—The correction is (—)aPn ‘~s.. 






nation of the zenith and (2) the altitude of the when Polaris is at @ and (+)0Pn he 
elevated pole Compare with figure 2027b. when at 6. At any point c the correc- : 
. tion is p cos LHA. At Ber B’ the cor- 






rection is zero. 
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554 SIGHT REDUCTION 


Although the above method usually provides sufficient accuracy for air navigation, 
# higher degree of accuracy may be obtained by use of Polaris correction tables included 
in the Nautical Almanac. These tables are based on the following formula: 


Latitude—corrected sextant altitude==—p cos h+% p sin p sin? h tan (latitude), 
where p=polar distance of Polaris=90°— Dec. 
h=local hour angle of Folaris=LHA Aries+SHA. 


The value ao, which is a function of LHA Aries only, is the value of both terms of 
the ebove formula calculated for mean values of the SHA and Dec. of Polaris, for a 
mean latitude of 50°, and adjusted by the addition of a constant (58/8). The value a,, 
which is a function of LHA Aries and latitudc, is the excess of the value of the second 
term over its mean value for latitude 50°, increased by a constant (0/6) to make it 
always positive. The value a, which is a function of LHA Aries and date, is the correc- 
tion to the first term for the variation of Polaris from its adopted mean position; it is 
increased by a constant (0/6) to make it positive. The sum of the added constants is 1°, 
so that: 

Latitude=corrected sextant altitude—1°-+-a)-+a,+a2. 


The table at the top of each Polaris correction page is ent2red with LHA Aries, 
and the first correction (dp) is taken out by single interpolation. The second and third 
corrections (c; and a», respectively) are taken from the double entry tables without 
interpolation, using the LHA Aries column with the latitude for the second correction 
and with the month for the third correction. 

Example 1~—During morning twilight on June 2, 1975, the 0525 DR position of a 
ship is lat. 15°43°6N, long. 110°07/3W. At watch time 5°24749* aw the navigator ob- 
serves Polaris with a marine sextant having an IC of (--)3!0, from a height ef eye of 
44 feet. The watch is 23* slow on zone time. The hs is 16°24/0. 

*  Required.—The latitude. 


Solution.— 
June 2 Polaris + vr _ 
WT 5°24749*° am + _ 7c 3/0 
WE (S)23° Gy 38/2 DL 6/4 
ZT = 25125 a, 013 tr-P_ 3/3 
ZD (+)7 a, 0:3 sum (—)12/7 
GMT 125257125 June 2 add’} 60/0 corr. (—)12!7 
125 70°20/2 sum 38/8 60/0 hs 16°24'0 
25712* 6°19/9 corr. (— )21/2 Ho 1691153 
GHA? 76°39/2 
PN 110°07:3W 
LHAT “326°31/9 
Ho 16°1123 
corr. (—)21/2 


L 15°50°1N 


Since LHA 7 is an entering value in all three correction tables, and since this is 
affected by the longitude, other observations, ‘f available, should be solved ar 1 plotted 


first, to obtain a good longitude for the Polaris solution. For greater accuracy, par- | 


ticularly in higher latitudes, and especially if considerable doubt exists as to the longi- 
tude, it is good practice to find the azimuth of Polaris and draw the line of position 
perpendicular to it, through the point defined by the latitude found in the computation 
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SIGHT REDUCTION 555 


and the longitude used in the solution. The azimnuth at various latitudes to 65°N is 
given below the Polaris corrections. This table can be extrapolated to higher latitudes, 
but Polaris would not ordinarily be used much beyond latitude 65°. In the example 
- given above the azimuth is 000°8. ; 

The Air Almanac provides only the first correctién, which it designates Q. 

Polaris observations can be solved like those of other celestial bodies, using the 
declination and SHA given in the tabulation near the back of the Nautical Almanac. 

The Polaris correction table in the Air Almanac lists the correction Q to be applied 
to the sextant altitude of Polaris to give the latitude of the observer. The correction 
is given in a critical table, with argument LHA Aries (T) obtained from the daily 
pages. The effect of refraction is not included and so the sextant altitude must be 
fully corrected before use. 

Ezample 2—On 1 June 1975 at GMT 02°53™32° in longitude 49°18’W, the cor- 
rected sextant altitude of Polaris is 54°46’. 

Required —The latitude. 


> cme THEN HNMR YEO 








Solution.— 
GMT 2553732" June 1 Corr. sextant altitude 54°46’ 
2°50" 291°28’ Q (LHAT, 243°03’) (+) 44’ 
332° 0°53’ Latitude §5°30' 
GHAT  292°21’ 


A _ 49°18/W 
LHAT —.243°03' 


CRYIN RRIN HD BRN we 


2028. Azimuth by tables.—One of the more frequent applications of sight reduction 
tables is their use in computing the azimuth of a celestial body for comparison with an 
observed azimuth in order to determine the error of the compass. In computing the 
azimuth of a celestial body, for the time end place of observation, it is normally necessary 
to interpolate the tabular azimuth angle as extracted from the tables for the differences 
between the table arguments and the actual values of declination, latitude, and local 
hour angle. The required triple interpolation of the azimuth angle using Pub. No. 229, 
Sight Reduction Tables for Marine Navigation, is effected as follows: 

1. Refer to figure %.2éa. The main tables are entered with the nearest integral 
values of declination, latitude, and local hour angle. For these arguments, a base 
azimuth angle is extracted. 

2. The tables are reentered with the same latitude and LHA arguments but with 
the declination argument 1° greater or less than the base declination argument de- 
pending upon whether the actual declination is greater or less than the base argument. 
The difference between the respondent azimuth angle and the base azimuth angle 
establishes the azimuth angle difference (Z Diff.) for the increment of declination. 

3. The tables are reentered with the base declination and LHA arguments but 
with the latitude argu. nt 1° greater or less than the base latitude argument depending 
upon whether the actual (usually DR) latitude is greater or less than the base argument 
to find the Z Diff. for the increment of latitude. 

4. The tables are reentered with the base declination and latitude arguments 
but with the LHA argument 1° greater or less than the base LHA argument depending 
upon whether the actual LHA is greater or less than the base argument to find the 
Z Diff. for the increment of LHA. 


5. The correction to the base azimuth angle for each increment is Z Diff. 
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43°, 317° LHLA. LATITUDE SAME NAME AS DECLINATION 


[Jr ny : 
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44°, 316° LH.A. LATITUDE SAME NAME AS DECLINATION 
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Ficure 2028a.—Extracts from Pu. No. 229. 





The auxiliary interpolation table (art. 206, vol. IJ) can normally be used for 
computing this value because the successive azimuth angle differences are less than 
10°0 for altitudes less than 84°. 

Example 1—In DR lat. 33°24‘0N, the azimuth of the sun is observed as 096°5 

2 : pgc. At the time of the observation, the declination of the sun is 20°13/8N; the local 
hour angle of the sun is 316°41/2. 

Required.—The gyro error. 

: Solution —PBy Pub. No. 229: 
é The error of the grrocompass is found as shown in figure 2028b. 


Base 
Actual ca 


20°13:8N 
OF Tat 33°24: 0N ia 


LWA aiewe [ar 

















chemise pdt ta 






Total Corr. 


*Respondent for two base arguments and 1° 
change from third base argument, in vertical 
order of Dec.. DR Lat.. and LHA. 


Frecre 2028b.—Azimuth by Pub. No. 229. : 4 


Using Pub. Ne. 214, Tadles of Computed Altitudes and Azimuth, to determine the 
oe azimuth from the tabular values which are actually azimuth angles, interpolation is 
made for meridian angle, declination, aud latitude. 

Example 2.—In DR lat. 41°25/9S, the azimuth of the sun is observed as 016°0 pge. 
; At the time of the observation, the declination of the sun is 22°19/6N; the meridian 
} angle of the sun is 17°22'4E. 
7 ; Required —The gyro error. 
Solution —By Pub. No. 214: 


= 
cS 


ri ie rf tara 





a 
? 


1 eg Hate apy cr 





' 
‘ 
wh eae 


























































































































SIGHT REDUCTION 557 


(i) Refer to appendix N. In this example the tabular azimuth angle used as base 
Z is compared with the tabular azimuth angle for the base declination and latitude, 
but meridian angle 18° to determine the Z Diff. for meridian angle. Similarly, the base 
Z is compared with the tabular value for the bese meridian angle and latitude, but 
declination 22° to devermine the Z Diff. for declination; and with the base value of 
meridian angle and declination, but latitude 42° to determine the Z Diff. for latitude. 

(2) Interpolation is between whole degrees of meridian angle and latitude, but 
between half degrees of declination when the declination is 29° or less. For declinations 
of more than 29°, the interpolation interval for declination varies. 


t corr.=Z Dil. x Deepens — (—y120x 94 = (—)o%4. 
Increments 0°2 


ben . ee? He Vee ° 
d corr.=Z Diff. 0°5 ( )O°1 X peg (+-)0°0. 





es Dist. x Merements _ (+-)922> 954 = (4021, 


1° 0 
: Base Base Tab* 
Actual Arguments Zz Increments 
0o°2 


Zz Z Diff. 
pte AE fe tee Tera Porro Toa ora | 
Pd SSN [20730" Ten"? Teas = (-) 0° | ore oro 
fu aS [arr(Contraryy] 162°7 | tere | (ee oa for _| 


Total Corr (—) 0°3 







Correction 






*Respondent for two base arguments and 1° 
(30° for d) change from the third base argu- 
ment, in veriical order of t, d, and L. 


Ficure 2028¢.—Azimuth by Pub. No. 214. 


The error of the gyrocompass is found as shown in figure 2028¢. 

Solutions for azimuth are discussed in more detail in chapter VII of volume II. 

2029. Amplitudes.—F or checking the compass, an azimuth observation of a celestial 
body at low altitude is desirable because it can be measured easiest and most accurately. 
If the body is observed when its center is on the celestial horizon, the amplitude (A), 
which is the arc of the horizon between the prime vertical and the body, can be taken 
directly from table 27. 

The amplitude is given the prefix E (east) if the body is rising and W (west) if 
setting. It is given the suffix N if the body rises or sets north of the prime vertical 
(which it does if it has northerly declination) and S if it rises or sets south of the prime 
vertical (having southerly declination). The suffix is given to agree with the declination 
of the body. Iaterconversion of amplitude and azimuth is similar to that of azimuth 
- angle and azimuth. Thus, if A=E15°S, the body is 15° south of east or 90°-+15°= 105°. 
For any given body, the numerical value of amplitude would be the same at rising 
and setting if the declination did not change. 

When the center of the sun is on the celestial horizon, its lower limb is about two- 
: thirds of a diameter above the visible horizon. When the center of the moon is on the 

celestial horizon, its upper limb is on the visible horizon. When planets and stars are 
on the celestial horizon, they are a little more than one sun diameter above the visible 
horizon. In high latitudes, amplitudes should be observed on the visible horizon. 
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558 SIGHT REDUCTION 


If the body is observed when its center is on the visible horizon, the observed value i 
should be corrected by the value from table 28, using the rules given with the table, 
before comparison with the value taken from table 27. If preferred, the correction 
can be applied with reversed sign to the value taken from table 27 and compared with 
the uncorrected observed value. This is the procedure used if amplitude or azimuth 
is desired when the celestial body is on the visible horizon. 

Amplitudes are discussed in more detail in article 740 of volume II. 
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CHAPTER XXI 
' COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 


2101. Iniroduction.—Before the development of a means of determining accurate 
time at sea (art. 127), longitude could not be found by celestial observation. Celestial 
bodies were used for determination of latitude, and as an indication of direction, often 
in a very general way. The development of the marine chronometer opened up a 
whole new vista to the navigator. Immediately, methods began to appear to utilize 
this new dimension of navigation. During the two centuries that have elapsed, many 
of the best minds have been directed to the problem of providing easier or more adequate 
methods of “reducing” the observations to a form suitable for determination of position. 

2102. Kinds of methods.—Various “special” methods have been devised to take 
advantage of some unique relationship to provide a simplified solution. The most 
widely used are latitude methods for determination of latitude by meridian altitude 
or observation of Polaris, and iongitude methods for determination of longitude by 

: observation of a body near the prime vertical. Both latitude and longitude methods 
; have now been largely superseded by the altitude method, based upon the discovery 
of the altitude intercept, or difference, by the Frenchman Marcg St.-Hilaire (art. 131). 
. Most modern methods are of this type, although some latitude and longitude methods 
are still in use. 
The most commonly used methods utilize computation for determining certain 
information which is then plotted as a line of position, two or more such lines being 
_needed for a fix. The “method” might consist of one or more formulas to be solved 
by general mathematical tables, a set of special tables conveniently arranged for use 
with the formulas, or a set of tables constituting a list of computed answers. A method 
which determines latitude or longitude separately requires no plot. In fact, a plot 
j Would be misleading unless the celestial body were almost exactly on the celestial 
meridian or prime vertical, or unless the azimuth were considered. While a number of 
methods determine latitude and longitude by computation, without plotting, other 
methods substitute a graphical or mechanical solution for computation. 

2103. Meridian aititudes.—If a celestial body is on the celestial meridian at the 
time of observation, a modification of the high-altitude method (art. 2024) can be used 
at any altitude, without plotting the GP. Both GP and observer are on the same 
meridian, and the difference of latitude between them is the zenith distance of the body 
(90°—Ho). The direction of the GP is the direction faced during observation (unless 
a backsight is made). The line of position is a latitude line. 

Several hundred years ago, when longitude could not be found accurately, and 
logarithms had not been invented, the finding of latitude furnished the only reliable 
navigation available on long sea voyages. Since most of these were in a generally 
easterly or westerly direction, it became common practice to sail first to the latitude of 
destination (“run down the latitude’’) and then to follow this parallel until landfall was 
made. The meridian observation of the sun at local apparent noon was the most im- 
portant navigational event of the day, and became a well-established routine. On 
the basis of this observation at “high noon,” clocks were reset, and a new day, the 
nautical day, began. Intentional meridian altitudes of other celestial bodies were not 
as widely used as those of the sun. 
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560 COMPAKISON OF VAKIOUS METHODS OF BIGIIT REDUCTION 


As accurate time became available at sea, and then more conveniont tables and 
more accurate almanacs appeared, the noon sight lost its importance, Since the modern 
inspection table has been available, the use of meridian altitudes has decreased rapidly, 
and reduction to the moridian has all but disappeared, True, the solution of a meridian 
nltitude is simple and quick, but this is more than offset by tho need for determining tho 
time ab which to muke tho observation (art, 2026), the dislike of many tinriners for 
having to make an observation at a predetermined time, the inconvenience sometimes 
oxperienced when local apparent noon occurs at a time when other activities conflict 
with observation, und the possibility of missing the observation because of overcast 
conditions. The practice of observing a body when a Jine of position is desired, and 
solving those which happen to have a meridian anglo of 0° or 180° in the same manner 
ad othor observations, is a growing practice that eliminates the need for remembering a 
woparate procedure for bodies on the celestial meridian, The modern navigntor thinks 
primarily in terms of lines of position, rather than of Intitude and longitude observations. 

Meridian altitudes are discussed in moro dotail in article 2026, 

2104. Ex-meridian altitudes.—J{ nu observation is made near but not exactly at 
moridinn transit, it can be solved as a meridian altitude, with ono modification, Entor 
tablo 20 with the approximate latitude of the observer and tho declination of the body, 
and take out the altitude factor (a). This ix tho differonce between moridian altitude 
and the altitude one minute of time later (or earlier), Noxt, enter tablo 30 with the 
altitude factor and tho difference of timo between moridian transit and tho time of 
observation, and take out the correction. Add this value to Ho if near upper transit, or 
sublract it from Ho if near lower transit. Then proceed ax for a meridian altitude, re- 
mombering that the value obtained is the latitude at the time of observation, not at the 
time of meridian transit. This method should not be used beyond tho limits of table 30 
unless reduced accurney ix acceptable. This process is called reduction to the meridian, 
the altitude before adjustment an ex-meridian altitude, and tho observation an ex- 
meridian observation, It requires knowledge of the meridian angle, which depends upon 
knowledge of longitude. If reasonable doubt exists regarding the longitude, the azimuth 

of the body at the time of observation should be determined, and the line of position 
drawn perpendicular to it (through the point defined by the “observed” Jatitude and the 
assumed longitude), rather than asa latitude line, Shere are alternative methods avail- 
able, A correction to Intitude can be applied, using the factor f from table 26. In 1899 
A. A. Vilkitskiy, » captain in tho Russian Navy, doveloped a mechanical device for 
determining the correction to be applied for reduction to the meridian. 

2105. Latitude by Polaris.—Another special method of finding Intitude, available 
in most of the Northern Hemisphere, utilizes the fact that Polaris is less than 1° from 
the north colextial pole. As indicated in article 1432, the altitude of the elevated polo 
above the celestin! horizon is equal to the latitude. Since Polaris is never far from the 
polo, its observed altitude (Ho), with suitable correction, is the latitude, 

Liko other special solutions, Intitude by Polaris has lost much of its popularity since 
modern inspection tables have become available, Being of magnitude 2.1, Polaris is 
not a bright star. It is normally considered available to the mariner only during twilight, 
when the azimuths of various celestial bodies relative to cach other are of more interest 
than an “easy” solution which is lite, if at all, simpler than the usual solution by 
inspection table. If provision were made for solution of Polaris sights by inspection 
table, the special method would no longer be needed for ordinary navigation. 

2106. Longitude methods.—A colestial observation for line of position, whether 
reduction is to be by longitude method or by Intitude method, consists of measurement 
of tho altitude of n hody with the noting of the time. If sight reduction is to be by the 
longitude method, the Intitude must be known, or the bast estimate used, With altitude, 
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COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 561 


latitude, and declination (from the almanac), one is able to solve the navigational 
triangle (art. 1433) for meridian angle. This is converted to local hour angle. The 
Greenwich hour angle at the time of observation is determined by means of the almanac. 
The difference between the GHA and LHA is the longitude. A time diagram (art. 1428) 
is useful in establishing the correct relationship. 

Longitude can also be determined by establishing the exact time of meridian 
transit, at which time the GHA (or 360°—GH~A) is the longitude. 

If the latitude is known accurately, the longitude method provides a direct and 
relatively simple solution for position. However, since latitude is rarely known to 
the desired accuracy, a line of position is usually needed. This is obtained by either 
(1) solvmg for longitude at two or more assumed latitudes, and drawing a straight 
line through the points thus found (the Sumner method), or (2) solving for longitude 
at one point, determining the azimuth at this point, and drawing the line of position 
through the single point thus found, perpendicular to the azimuth of the body. 

The error introduced in the computed longitude as a result of an inaccurate latitude 
used in the solution increases as the celestial body departs from the prime vertical. 
If it is learned that an incorrect latitude has been used in the solution, a correction 
can be applied, using the factor F from table 26. If the body is near the celestial merid- 
ian, a small error in the latitude introduces a large error in the longitude. At any 
location, the azimuth of the body can be-determined by observation or computation, 
and a line of position drawn perpendicular to it, through the position defined by the 


‘ latitude used in the computation, and the calculated longitude. Alternatively, solution 
; can be made at two or more latitudes, and the line of position drawn through the two 
- positions. It was the use of this second method in 1837 by Captain Thomas H. Sumner, 
- when his latitude was in doubt, that led to the discovery of the line of position from 


celestial observation (art. 131). 

No longitude method is more accurate than the GMT used for timing the observa- 
tion. Before chtonometers (art. 1514) and time signals (art. 1826) were available, 
relatively few navigators attempted to determine longitude, and it was never established 
reliably. The search for a method of “discovering” longitude at sea was primarily a 
search for a means of determining time at the Greenwich meridian (arts. 126, 127). 

If the longitude is to be determined, most accurate results are obtained, by ob- 
servation of a body on the prime vertical. The observation having been made, sight 
reduction can be made by time sight or, more conveniently, by an ordinary solution 
for a line of position, using an inspection table such as Pub. No. 229. Any general method 
of sight reduction can be used, without need for a special solution. 

Solution by the longitude method is usually called a time sight. The various 
longitude methods are all basically the same, differing only in choice of formulas and 
arrangement of tables. The basic formula is 


sin h—sin L sin d 


cos t= 
cos L cos d 


in which t is the meridian angle, h is the altitude, L is the latitude, and d is the declina- 
tion. Early tables for solution of meridian angle were called horary tables. 

The time sight came into use following the development of the marine chronometer 
in 1763. Solution for meridian angle is usually by the formula 


hav t=sec L csc p cos S sin (S—h), 


in which p=90°—d if L and d have same name. and 90°+d if L and d have contrary 
names; and S=(h+L-+p). 
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COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 


When azimvth angle is used with the method, it is usually computed by one of th 


formulas ‘ 
sin Z=sin t cos d sec hh 


or 
hav (180°—Z)==sec h sec L cos S cos (S—p). 


There are no rules with this method, but it is subject to possible large errors in | 
high latitudes or if the body has a high declination. Various special tables have appeared ! 


for solution of the time sight: 


Cassini. The first “inspection tables” were probably prepared by M. Cassini, a : 
Frenchman, in 1770. These “‘horary tables” provided tabulated solutions for meridian - 


angle. 


to 61°. 


by the haversine azimuth formula. Entries are given for whole degrees of latitude to 
60°, declination to 24°, and altitude to 60° (later 90°). The tables are accurate and 
well arranged, but the triple interpolation is tedious. 

Hommey. Louis Hommey’s Tabie d’angles horaires (horary tables), published in 
two volumes in France in 1863, contained more than 40,000 hour angles calculated for 
“all latitudes.” These tables were an improvement on those of Cassini and Lalande. 

Martelli. In 1873 a small volume of 49 pages by G. F. Martelli, an Italian, was 
published in New Orleans. This book, called simply Tables of Logarithms, provided 2. 
relatively, short, fast solution for meridian angle, with very few rules and only one 


interpolation. Martelli abandoned the inspection table and provided five short tables 
for a four-place logarithmic solution by the formula 


__cos (L~d)—cos z 

hs 2cos Lcosd 

Solution required six book openings, six table entries, and four mathematical steps. 

Hour angles were given only to eight hours, and no provision was made fer azimuth. 
This method proved very popular, and is still used among navigators of several 


countries. A 1932 edition was published in Glasgow, Scotland, with explanations in ; 


French, Dutch, Italian, and Spanish, as well as in English. A 1944 edition added pro- 
vision for finding azimuth angle, and for solution by the altitude method. 
Thomson. A table of only nine pages by Sir William Thomson, better known as 


Lord Kelvin, was published in London in 1876 to provide a solution for the longitude | 


method. This very thin volume, called Tables for Facilitating Sumner’s Method at Sea, 


contains the first known solution by dividing the navigational triangle into two right ; 


triangles. In 1849 Towson (art. 2126) had divided the triangle in the same manner, 
but this solution was for reduction to the meridian. Lord Kelvin divided the triangle 
by dropping a perpendicular from the celestial body to the celestial meridian of the 
observer, as shown in figure 2111. He used a for the length of the perpendicular 2, 
b’ for z, and b for w (of fig. 2111). His solution uses the formulas 


Lalande. The horary tables prepared in 1793 by Jerome Lalande, a Frenchman, 
provided tabulated solution for meridian angle for the sun and stars for all latitudes ° 


Lynn Horary Tables, by Thomas Lynn, a commander of the East India Company ~ 
Service, were published in 1827. These 242-page tables consisted of tabulated solutions — 
of meridian angle computed by the time sight formule. Two years later they were i 
followed by a volume of 364 pages of azimuth angle (Lynn Azimuth Tables) computed } 
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sin h=cos @ cos J’, 





The tables are entered with Aalf the colatitude (using colatitude to the nearest 
whole degree) in column 6. With a pair of dividers, search is made in the “cohypo” 
column for two numbers, one agreeing with the altitude, and the other with the dec- 
lination. The number in column A opposite the altitude in the cohypo column is the 
azimuth angle, and that opposite the declination is the meridian angle, interpolation 
being used if needed. The line of position is adjusted for the difference between the 
interpolated altitude and the observed altitude. 

Although the tables are among the shortest of the various methods, their manipula- 
tion is difficult. In 1880 Kortazzi, a Russian astronomer, attempted to modify the 
tables to provide an easier solution, but without great success. 

Davis’ Chronometer Tables, providing a solution for the longitude method, were 

- published in 1897 in London. They are similar to Lynn’s tables, using his values but 
: providing assistance in interpolation by adding values of change with latitude, declina- 
; tion, and altitude. As with Lynn, a separate volume is given for azimuth angle, in 
* which there is no interpolation. Originally Davis’ tables were limited to latitude 50° 
+ and declination 24°, but later tables were published for declinations 23° to 64°. A 
: limited number of altitude entries is given. 
: Blackburne. Tables by H. S. Blackburne, a New Zealander, were published in 
‘ London in 1914 under the title The Excelsior Azimuth and Position Finding Table. 
: The tables, providing 2 solution by the longitude method, are similar to Lynn Horary 
. Tables and Davis’ Chronometer Tables but with a new determination of azimuth based 
- upon the ratio of variation of latitude to variation of meridian angle. Azimuth angles 
; (ten pages) are given in a separate tabulation in the same volume with meridian angles 
' (242 pages). 

Blackburne’s arrangement is more modern than that of Davis. This was the 
first publication to include columns for variations of t for 1’ of declination, latitude, 
and altitude. Meridian angles are given to 01. Latitude is limited to 39°, and 
declination to 23°. 

Rust. In 1918 the Practical Tables for Navigators and Aviators, by Captain Armistead 
Rust, USN, were published in Philadelphia. This small volume of 37 pages of tables 


reverted to a logarithmic solution, as did Martelli’s, using the following formula for 
determining meridian angle: 




























log hav t=log sec L+-log sec d+log ¥ [cos (L~d) —sin hl]. 


The volume has three tables. Table A tabulates log secants for obtaining the 
first two terms of the formula. Table B is a doublo-entry table giving log % [cos (u~d) 
—sin h]. Table C gives log haversines. Values are given to four places. 


Azimuth angle is obtained from an original diagram computed from the well-known 
formula 


sin Z=sin t cos d sec h. 
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This diagram had been given in o volume of ex-meridian tables by Rust published in } 
1908. In the Practical Tables en auxiliary diagram was added to indicate the meridian | 
angle when the celestial body is on the prime vertical. The purpose of the diagram is to | 
resolve possible ambiguities when the azimuth angle is near 90°. The Rust azimuth | 
diagram was used later by Goodwin and Weems, and in the Italian Tavole H (art. 2130). | 

Goodwin. The Alpha, Beta, Gamma Navigation Tables of H. B. Goodwin, an 
Englishman, were first published in London in 1921. This is a smail volume having 
two tables with a total of 34 pages. Meridian angle is found from the formula 


iy ah ate 
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brash 


cos (L~d)—cos za 


NEES cos L cos d 


Table I has two values, a being the angle in seconds of arc, and 8 being four-place- 
natural cosines multiplied by 1,000 to eliminate the decimal. Table II Provides 4; 
the logarithms for the values of versine t. 

The Rust diagram is used for determining azimuth angle. 

Instructions are included for use of the tables for altitude method of solution, | 
and for reduction to the meridian. 

H.O. Pubs. Nos. 203 and 204 (Littiehales), The Sumner Line of Position of Celestial | 
Bodies, were published by the U.S. Navy Hydrographic Office in 1923. These tables, }” 
prepared by George W. Littlehales, provide in two large volumes (847 and 675 pages, # 
respectively) tabulated solutions of the meridian angle and azimuth angle, using the | 
general time sight formulas. The arrangement is similar to that of Davis and Black- & 
burne, but t and Z are tabulated together in consecutive columns. Latitude is limited 
to 60°, and declination to 27° in H.O. Pub. No. 203 and to 64° in H.O. Pub. No. 204. 
Interpolation for latitude is avoided by using the nearest whole degree, and shifting 
the line of position for the difference between the altitude at this latitude and the 
observed altitude. 

These publications are no longer in print. 

Soule and Dreisonstok. In 1932 these two Americans prepared a small volume 
providing a logarithmic solution of the longitude method, using the formulas 

i 


tr 
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1___sec S ese (S—h) 
havt sec Iu cse p 





and 


i __sec S sec (S— —P), 
hav (180°—Z) sec Lsech 
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where S=¥ (h+L-+p) and p=90°+d. 2 a 
The “azimuth” determined in this way is the direction of the line of poten - z 
(Z+90°) rather than that of the celestial body. lo Re 
Weems’ Secant Time Sight was published in 1944 by Captain P. V. H. Weems, ! | 
USN (Ret.), to provide a short solution based entirely upon secants and cosecants, . 
using the formulas 
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__see S ese (S—h) = 

esc? i t= sec L sec d 3 
and > 
Zot t sec d 


sec h woes 3S 





where S=¥ (h+L+p). A Rust azimuth diagram is included for those who prefer am, 
diagrammatic solution. oe 
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2107. Finding time-on prime vertical.—Best results by time sight a1e obtained 
when the celestial body is on the prime vertical. As explained in article 1432, a celestial 
body having a declination of opposite name to the latitude crosses the prime vertical 
below the horizon. Its nearest visible approach is at the time of rising and setting. 

If a celestial body has a declination of the same name as the latitude, but is 
numerically greater, it does net cross the prime vertical. Its nearest approach (in 
azimuth) is at the point at which its azimuth angle is maximum. At this point the 
meridian angle is given by the formula 


sec t=tan d cot L, 
and its altitude by the formula 
esc h=sin d ese L. 


A celestial body having a declination of the same name as the latitude, and 
numerically smaller, crosses the prime vertical at some point before it reaches the 
celestial meridian, and again after meridian transit. At these two crossings of the 
prime vertical, the meridian angles are equal and are always less than 90°. They are 
given by the formula 

cos t=tan d cot L. 
The altitudes are also equal, and are given by the formula 


sin h=sin d ese L. 


Meridian angle and altitude of bodies on the prime vertical, and similar data for 
the nearest approach (in azimuth) of those bodies of same name which do not cross 
the prime vertical, are given in table 25 for various latitudes, and for declinations 
from 0° to 23°, inclusive. Similar information can be determined by means of Pub. 
No. 214, entering with latitude and declination, and finding the meridian angle and 
altitude corresponding to an azimuth angle of 90° (or the maximum azimuth angle for 
nearest approach). Since this information is generally not required to great accuracy, 
interpolation is not needed. 

To find the time of crossing the prime vertical, convert t to LHA, and add west 
longitude or subtract east longitude to find GHA. The GMT et which this GHA occurs 
can be feund and converted to any other time desired. 

Example.—Determine (1) the approximate zone time, and (2) the approximate 
altitude of the sun when it crosses the prime vertical during the afternoon of May 30, 
1975, at lat. 51°32‘3N, long. 160°21/7W, using table 25 and the Nautical Almanac. 

Solution.— . 

May 30 
t 71°6W (from table 25) 
LHA = 71°6 
dX 160°4W 
GHA  232°0 
3& 22596 
26™ 6°4 
GMT 0326 May 31 
ZD(+)11 — (rev.) 
(1) ZT 1626 May 30 
(2) h 28°4 (from table 25) 


At the time of crossing ihe prime vertical, or at nearest approach (in azimuth), a 
celestial body is changing azimuth slowly, and therefore this is considered a good time 
to check compass deviation or to swing ship. 
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The prime vertical at any place is the celestial horizon of a point 90° away, on the 
same meridian. Therefore, a celestial body crosses the prime vertical at approximately 
the same time it rises and sets at the point 90° away. Thus, if one is at latitude 35°N, 
the sun crosses his prime vertical at about the same time it rises or sets at latitude 
55°S. If time of sunrise and sunset are to be obtained accurately by this method, 
corrections must be applied for semidiameter and refravtion. 

2108. Altitude methods, like longitude methods, require an accurately timed } 
observed altitude of a celestial body. Usually, in both types of solution, the naviga- 
tional triangle is solved, but in the altitude method, t, d, and L are used in solving for | 
altitude. The method is based upon the concept of circles of equal altitude explained | 
by Commander Mareq St.-Hilaire, « Frenchman, in 1875 (art. 131). For this reason 
it is often called the Marcq St.-Hilaire method. It may also be called the altitude 
intercept method because it uses the difference between computed and observed alti- 
tudes, a value called an altitude intercept. 

The aititude method has largely replaced the latitude and longitude methods, : 
although some navigators still prefer the older methods. The principal advantage of | 
the altitude method is that it provides a universal solution that is equally reliable i in | i 
all latitudes, with all values of declination, and with all values of meridan angle. | 
Even for observations of ceiestial bodies near the zenith the altitude method is appli- 
cable, although in this case an arc of the circle itself is plotted, without the use of the 
altitude intercept (art. 2024). However, the formulas selected for some of the “short 
methods” do impose some limitations when those methods are used. 

For many years following introduction of the altitude method, the concept was 
termed the “new navigation,” an expression now seldom heard. At first, an attempt 
was made to adapt existing tables to the altitude method. Some were more zeadily 
adaptable than others. In due course, various methods designed for use with the 
altitude method made thei arance. These methods may be grouped in six classi- 
fications: those which do ix de the triangle, those which divide it by dropping a 
perpendicular from each of i} three vertices, those which do not use the navigational 
triangle, and the modern “inspection table.” However, not all inspection tables are 
for altitude methods. In practice, the dropping of a perpendicular from the pole has 
not been used except in great-circle sailing (art. 903). This would result in dividing [ 
both the meridian angle and zenith distance into two parts, a condition that has not | { 
proved attractive. I 
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2109. Altitude methods, triangle not divided.—The basic formula for solution of j. 


the undivided navigational triangle is 


sin h=sin L sin d+cos L cos d cos t, 


derived from the law of cosines. A number of special tables have been prepared for! 
solution of the undivided triangle: : 

Davis’ Requisite Tables, published in London in 1905, introduced the cosine- | _ 
haversine formula to navigation, although it. had been used previously by astronomers, 
This formula is 


hav z==hav (L~d)-+cos L cos d hav t, 
in which z is zenith distance (90°--h). This is sometimes written 


hav z=hav (L~d)+hav 8, 



















































































































































































































































































COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 


in which hav 6=cos L cos d hav t. It might also be written entirely in haversines: 
hav z=hav (d~—L)+hav t [hav (180°—L—d}—hav (d—L)}. 


In this formula the sign of d is reversed if L and d are of contrary name. The haversine 
of an angle is positive whether the angle is positive or negative. 

These tables were the first to give log haversines and natural haversines in one 
table, The method was little used at first, but later proved very popular, and as haver- 
sines became available from additional sources, the formula was used even more widely. 
Davis’ original tables made no provision for azimuth. 

Since the cosine-haversine formula can be used for solution with tables 33 and 34, 
an example is given below, with solution of azimuth by the formula 


sin Z=sin t cos d sec h. 


Exzample—A celestial body a little to the south of west is observed, with the 
following results: t 80°45/9W, aL 41°1273S, d 21°50/7S. 

Required —The He and Zn by the formulas given above. 

Solution.— 


t 80°45/9W UT hav 9.62300 lsin 9.99434 
Gb 4)°12/3S Leos 9.87643 
d 21°50/7S8 Lcos 9.96764 lcos 9.96764 
— 1 hav $.46707 n hav 0.29313 
L~d 19°21/6 n hav 0.02827 
z 69°04/3 n hav 0.32140 
He 20°55!7 lsec 10.02964 
Zn 2582S ZS78°47/0W Tsin 9.99162 


This is typical of logarithmic solutions, except that there are no “rules” for the 
altitude computation. As pointed out in article 2125, the formula used for azimuth angle 
does not indicate whether the body is north or south of the prime vertical. 

Ball. In 1907 Rev. Frederick Ball’s Altitude or Position Line Tables were published 
in London. There are two volumes of 244 and 240 (later 313) pages, respectively, 
the first volume having tables fer latitude 0° to 30°, and the second, 31° to 60° (later 
editions 24° to 60°). These were the first inspection tables for the altitude method. 
The tabulated altitudes were computed by the haversine formula. The assumed position 
is selected se that latitude and meridian angle are the nearest whole degree, but no 
assistance is given for interpolation of altitude for declination. 

Azimuth angle is not tabulated, being found by the altitude tables, interchanging 
altitude and declination, and finding azimuth angle (in hours and minutes) in the 
meridian angle columns. Since declination is limited to 24° in the first editicn and 
60° in later editions, this method is not available for azimuth if altitude is greater 
than this amount. In this case azimuth angle is found by the formula 


sec LXAh (for S*) 
BLS ogre 


This formula had not previously been used in navigation. 
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Davis’ Alt-Azimuth Tables were published in London in 1917. This volume 
lists both altitude and azimuth together for the first time. Latitudes included are 
from 30° to 64°, and declinations from 0° to 24°. In 1921 a second volume was pub- 
ished foi latitudes 0° to 30°. Entries are for each whole degree of latitude and decti-! 
nation, and for each 4" (1°) of meridian angle. However, for each meridian angle, 
altitude or azimuth angle js given alternately. Thus, azimuth angle is given for meridian 
angles of 07, $7, 16", 24", etc., and altitude for meridian angles of 4", 12™, 20", 28°, etc. 
Altitudes are given in bold type. All declination entrics (0° to 24°) are given on facing 
pages. Tables for latitude and declination of the same name are given in the first part - 
of the book and those for contrary names in the last part, the two parts being separated 
by several auxiliary tables. Altitude is given to the nearest 1’, and azimuth angle 
to the nearest 0°1. Altitudes are carried down to the horizon, and the local apparent 
times of sunrise and sunse* are also given, with the azimuth angle at these times. 
Because of the 8™ interval between altitude entries, and the use of an assumed pos'tion 
to avoi . interpolation for change in meridian angle, large altitude differences sometimes 
arise. 
H.O. Pub. No. 20!, Simultaneous Altitudes and Azimuths of Celestial Bodies, was 
published by the U. S. Navy Hydrographic Office in 1919. In this volume of 606 pages, 
altitudes and azimuths were tabulated in parallel columns for the first time. Latitude 
is limited to 60° and declination to 24°. Virtually all altitudes above the horizon are ; 
included. The tables are well arranged and very legible, but no assistance is given for j 
interpolotion of altitude or azimuth angle for a change of declination. Meridian angles } 
are given at intervals of 10" (225). Since the assumed position is selected to wi | 





log esc Z=log csc t-+log sec d—log sec h. 


" interpolation of altitude or azimuth for meridian angle, lange altitude differences result 5 
in some instances. This publication is no longer in print. Z 3 

Yonemura. In 1920 S. Yonemura’s Tables for Calculating Altitude and Azimuth z 

of Celestial Bodies were published in Japan. This small table of 39 pages contains s 4 

logarithms of haversines and secants, arranged for convenient solution of the formulas at GS 

hav (90°—h)—hav (L.~d) =hav @, | os d 

i 1 3 


The method is similar to that of Davis’ Requisite Tables but includes solution for - 
azimuth angle. The table is included in the book of Ogura’s tables (art. 2110). : 

Braga. The Taboas de Alturas by Roméo Braga, a Brazilian, were published in ; 
1924 in Paris. This is a table of natural haversines arranged for solution of the formula io= 
in which ‘ 


hav (90°—h)=A-++B, 


in which A=hev t—fhav (L+d) hev ¢]} 

“et and =hav (L—d)--fhav (L—d) hav t]. ; 
The first table of 108 pages is for solution for A and B. The second table of nine pages - 
is for finding h. : ae 


The assumed latitude is selected so that (L-+d) is a whole degree. The assumed 
> longitude is selected so that t is a whole degree. 
No provision is made for azimuth. 
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Japanese H.O. Pub. No. 601, Celestial Navigation Computation Tables, was pub- 
lished in 1942. The method is similar to that of Yonemure. the triangle not being 
divided and a modification of the cosine-haversine formula being used for altitude. 

Waller. In 1946 George W. D. Waller, a naval officer on duty as a navigation 
instructor at the U.S. Naval Academy, proposed a solution by means of Gaussian 
logarithms, commonly called “addition and subtraction logs.” The formula 
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was derived from the basic formula given above, 


esc t sec d 


na and csc Z= 
sec h 


Pree 
‘ 


was derived from the time and altitude azimuth formula given in article 2125. 
Asingle table of 30 pages would contain in consecutive columns the following values: 


A =log secant 

B_ =log cosecant 

C—=log (cosecant-+ 1)—log cosecant 
: C+=log cosecant—log (cosecant—1). 





All values would be multiplied by 100,000 to eliminate decimals. One additional page 
would contain A and B values for all whole ° grees from 0° to 180°. The values C-+ ace 
and C— are the Gaussian logs. eee 
The method is reasonably short and simple. Its publication as the “A, B, C a 
Method,” with suitable explanation, was prevented by the untimely death of its “ 
originator. : 
Hugon. Nouvelles Tables Pour le Calcul de la Droite de Hauteur a Partir du Point as 
Estimé, by the French hydrographic engineer, Professor P. Hugon, were published in eu 
1947. This logarithmic solution is based upon the fundamental formula Oe ae 
sin h=sin L sin d+cos L cos d cos t, 


Gt VE eG uta a eae ; 
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from which the following is derived: = 
hav z=Xy+ Yx =z 

in which B 3 
K=hav (180°—t) =cohav t oon .2 

y=hav (d—L) At? eae 

Y=hav t , 8 ee 





x=hav [180°—-(d-+L)]=cohav (d+L). Lesa 





* Yhe formula for z may then be written 


hay z2=A+B 
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in which 
log A=loz X+log y : 
log B=log Y+log x. fae le: 


Solution is by means of a table of 90 pages which lists in parallel columns values of 
log cohav, log hav, and natural hav for every minute of arc from 0° to 180°. The solu- bea, 
; tion requires six book openings, seven table entries, and five mathematical steps, a 
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Azimuth is found from a diagram in a pocket on the inside back cover. This diagram 
is designed to solve the formula 


rie i 


my 
a 


=aX-+,Y, 
in which M=cos h cos Z 
a=sir, (d—L) 


oA i Mae 


zeae 
=co0s’5 
B=sin (d+L) 


Yasin’: 

, Chiesa. About 1948 the Tavole nautiche e Tavole’dei Semisenoversi of the Italian | 
Stefano Chiesa were published in Genova, Italy. These include tables for computation | 
of altitude by the cosine-haversine formula, and “A, B, C” tables for computation of | 
azimuth angle by the formula | 


hav Z=(hav p—hav(L—h)] sec L sec h. 


Rose. In 1952 the Nautische Tafeln of G. Rose were published in Germany. This | 
volume has a convenient table for computation of the altitude by the cosine-haversine 
formula. It also includes the “A, B, C’’ azimuth tables of Lecky (art. 2126), Various 
other tables are included, » number of them having been taken from an earlier work of 
the same name by Dr. Otto Fulst, published in numerous editions since 1860. 

: Doniol. The Miniature Navigation Table fcr Altitude and Azimuth, by R. Doniol, 
7 , a Frenchman, was published in 1955. This is undoubtedly the shortest of all sight 
reduction tables, consisting of only two pages. The formula for altitude was derived 
from the basic formula given above. The formula used is 
ir 
| 


sin h=n—(n-+m) a, 


we tnasas whird 2 oli Mae hare» ve 5 ty ayy 


in which n=cos (L—d), m=cos (L+4d), and a=hav t. 
The formula for Z was derived from the formula 


ahh dee ae 46 


tan d cos L—cos t sin L. 
sin t 


ety 


cot FG 


cot Z= 


The formula used is 


‘ ee n Za 0084, 
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in which y=fdy-+f’Ay. In this expression, f= 8 Bt, py _C0bR t a. cin (d4L)sin [> 


sin 1’ 2 sin 1’ 
1’, and Ay=sin (d—L)sin J’. 


naman 


The first of the two tables gives sines and cosines for each half degree, and tangents | i 
for half degrees of 45° and more. Interpolation i is performed by means of a tabulated ' 
A value which is the change of sine or cosine for 1’. Interpolation is minimized by + 








2 at. selecting n assumed position so that t and either (u+d) or (L—d) are an exact oe . 
; degree. 
’ The second table gives the value of t in degrees, minutes, and seconds, and hie: 
= values of f and f’ corresponding to selected values of @ (natural haversines). The | 
= 4 interval between consecutive tabulated values of haversine varies from 0.0002 to 0.005. ** 
* be a : 
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The solution is generally accurate to 0/1 of altitude and 0°1 of azimuth, but the 
‘method requires a number of relatively simple mathematical steps, making it some- 
‘what longer than most “short” solutions. 

2110. Altitude methods, pervendicular from zenith.—In figure 2110 the naviga- 

tional triangle is shown in heavy lines on a diagram on the plane of the celestial meridian 

. (art. 1432). The broken line is a perpendicular from the zenith to the hour circle of the 
celestial body. This perpendicular may fall outside the triangle. In figure 2110 it divides 
both the azimuth angle (at Z) and the codeclination side into two parts. The length of 
the perpendicular is designated » and the two parts of the codeclination are designated 
w and «. By means of Napier’s rules (art. 142, vol. II), the following basic formulas can 
be derived: 


eennren ancnonimmbmnnninynennanmnnnnnamintmntt 
. 
me 
1 
al tat | 


ate Med TL ay WL de aL A dd 


ton dead wi is fa 





sin v=cos L sin t (1) 
cos w=sin L sec v, or tan w=cot L cos t (2) 
sin Z’=sin w sec L, or cot Z’=sin L tan t (8) 

sin h=cos v cos % (4) 

sin Z’/’=sin z sec h, or cos Z’’=tan » tan h, (5) 


in which z=90°—(d+w). 





This basic method has been modified in a number of ways, having proved the 
most popular altitude method. 
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Ficure 2110.—Navigational triangle with 
perpendicular from zenith to hour circle. 


ee neon CCAIR ACRE EH 
te Hi H 
1 
1 $e * ' 


Souillagouet, a French professor of hydrography, was the first to divide the r 
navigational triangle by dropping a perpendicular from the zenith. His Tables du : 
Point Auziliare were published in France in 1891. He designates various parts of the : ne 
diagram of figure 2110 as follows: faige = OE" 


v is designated a | ; 
w is designated b boo 
z is designated 90°—(d~b). aah 
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His formulas for altitude are 
tan b=cot L cos t 
sin a=cos L sin t 
sin h=cos a sin (d~b). 


For azimuth angle, the perpendicular is dropped from the celestial body to the 
celestial meridian, a being the perpendicular and b that part of the celestial meridian 
from the pole to the foot of the perpendicular. The following formulas are used: 


i sci aimroci 


tan b=cos t cot d 
sin a=sin t cos d 
cot Z=cos (L+b) cot a. 


The assumed position is selected so that latitude is the nearest 15’ and meridian 
angle is the nearest 1™ or 15’ (2™ or 30’ for latitudes greater than 60°). There are four 
separate tables with a total of 408 pages. The method requires five book openings, 
soven table entries, and six mathematical steps. Interpolation is not needed. 2 

Bertin. A French professor of hydrography, Charles Bertin, devised tables similar | 
to those of Souillagouet, which were published in Paris in 1919 under the title Tablette | 
de Point Sphérique. Bertin used Souillagouet’s formulas for altitude, but for azimuth 
angle he dropped the perpendicular from the zenith, as for altitude, and used the 
following formulas: 

sin Z,=sin c sec L i 
cot Z,=sin b tan (c+d) 


Z=Z,+2Z. 


In these formulas, b and c are substituted for the a and b, respectively, of Souillagouet. 
This is the first method in which Z is divided into two parts, found separately. 

The assumed position is selected so that latitude and meridian angle are each 
to the nearest 20’. The tables are shorter than those of Souillagouet, having 324 pages, 
but still bulky for this type solution. The method has fewer steps and requires only 
two book openings, but interpolation is needed in two steps. 

Ogura. In 1920 the New Altitude and Azimuth Tables by Sinkiti Ogura, Japanese 
hydrographic engineer, were published in Tokyo. The solution for altitude is generally 
similar to that of Souillagouet, a perpendicular being dropped from the zenith, but; . 
Ogura introduced secants and cosecants for the first time in this type solution. His | 
solution for azimuth is similar to that of Blackburne (art. 2106) and Lecky (art. 2126). |. 

The assumed position is selected so that latitude and meridian angle are each |" (i 
to the nearest whole degree. The altitude is determined by means of two tables (A and | | ~- 
B-C) of a total of 27 pages, and azimuth by means of three additional tables (D, E, F) | 3 
of a total of 29 pages. The altitude can be obtained to an accuracy of 0°6 without | ~ * 
interpolation. Latitude and declination are limited to 65°. The rules are numerous and | ro 
complicated. aE 

Both the Ogura and Yonemura (art. 2109) tables are given in the same book, © 
the Japanese Hydrographic Office Pub. No. 225. An English edition, with slight 
modifications in the Ogura method, was published in 1924. : 

The Ogura tables have been widely copied. 

Smart and Shearme’s Position Line Tables were published in London in 1922, ! 
based upon a division of the triangle by a perpendicular from the zenith. The altitude . 
formulas of Souillagouet were used, but the arrangement of the earlier tables was 
improved. It is somewhat similar to that of Ogura, but with the positions of meridian - 
angle and latitude interchanged, providing a hetter arrangement when solutions of ba a 
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ee 






several observations are made simultaneously. Solution requires a log s; ¢ table which 
is not provided. There is no solution for azimuth. The assumed posi on is selected 
so that the meridi:n angle and latitude are each the nearest whole degree. No inter- 
polation is needed. 
Newton and Pinto. The Navegaciéiv Moderna of J. A. Newton and J. C. Pinto was 
. published in Lisbon, Portugal, in 1924, providing a solution by dropping a perpendic- 
ular from the zenith. The method is based upon ideas expressed by Newton in 1912 
and 1913. The formulas for altitude are almost the same as those of Souillagouet. 
The method of finding azimuth angle resembles somewhat the method of Bertin, but 
with the use of auxiliary angles. There are only two tables, the first occupying 120 
pages, and the second two pages. The assumed position is selected so that latitude 
and meridian angle are each to the nearest 30’. No interpolation is needed, but the 
rules are somewhat complicated. 
Weems’ Line of Position Book, published in 1927, combines the Ogura altitude 
tables and the Rust azimuth diagram (art. 2106). 
e H.O. Pub. No. 208 (Dreisonstok), Navigation Tables for «farmers and Aviators, 
a) was published by the U.S. Navy Hydrographic Office in 1928 to provide a solution by 
2 the method of dropping a perpendicular from the zenith. The method, devised by 

Lieutenant Commander J. Y. Dreisonstok, USN, is similar to Ogura’s For altitude, 

it uses the Soui'agouct formula inverted so as to be in secants and cosecants. For 
> azimuth angle the formula is similar to that of Newton and Pinto, except that it does 
not use the parallactic angle at the celestial body. In the first edition the latitude was 
limited to 65°. There were two tables, one of 45 pages and the other of 18 pages. Later, 

- » 23-page addition to the first table extended the coverage to the poles. 

The assumed position is selected so that the latitude and meridian angle are each 
the nearest whole degree. The method requires four book openings, eight table entries, 
and six mathematical steps. Although values are usually obtained by relatively easy 
interpolation, altitude accuracy of 0/5 can be obtained without interpolation. 

As with H.O. Pub. No. 211 (art. 2111), the rules for this method were made on 
the assumption that only bodies above the celestial horizon would be observed. The 
rules may be restated to allow for both positive and negative altitudes, as follows: 

If t is less then 90°, give b same name as latitude. 

If t is greater than 90°, give b opposite name to latitude, and mark Z’ minus. 

; If (d+b) is numerically greater than 90°, mark Z” minus. 

If (d+t} is contrary name to latitude, the altitude is negative; use the supple- 
ment of Z”. : 

If Z is minus, subtract from 360° and mark plus. 

The value Jabeled “t’’ in the tables is actually LHA. If t, east or west, is used, as 
in modern practice, the printed values greater than 180° can be ignored. The rules 
ean be stated in abbreviated form on alternate pages, as follows: 

At the top of each left-hand page of table I: 


t<90°, b same name as L. 
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ay At the top of each right-hand page of table I: 
‘ t>90°, b contrary name to L, Z’ (—). 
j At the top of each left-hand page of table IT: 
yee ” (a+b) >90°, Z" (—). 
: At the top of each right-hand page of table IT: 


oh ob Z(—), use 360°—Z. 
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At the bottom of each page of table II (if desired): 
(d+b) contrary name to L, He (—): use 180°—Z’. 


If the D+B value used for finding Z” exceeds 10,000, it is reduced by this amount, 
the remainder being used for entering table II. If desired, this can be stated in abbre- 
viated form at the bottom of alternate pages of table II, as follows: 


(C+D) >10,000, use (C+D)—10,000. 


Like H.O. Pub. No. 211 (art. 2111), H.O. Pub. No. 208 has been largely superseded : 
by those tables constituting a list of computed answers. 

Gingrich. The Aerial and ‘Murine ‘Navigation Tables, by Lieutenant John BE. 
Gingrich, USN, were published in 1931 to provide another solution by the method of 
dropping a perpendicular from the zenith. The formulas for altitude are similar to 
those of Ogura, and the formulas for azimuth are similar to those of Perrin (art. 2126). | 
The first two tables, of 31 and seven pages, respectively, are similar to those of Ogura. 
A single third table of 13 pages is given for azimuth. The general arrangement is in | 
many respects similar to that of H.O. Pub. No. 208, and as with the earlier method, 
the assumed position is selected so that latitude and meridian angle are each to the 


nearest whole degree. The precision of tabulation of K, an auxiliary function, is not § 
consistent. Consequently, if the tables are used without interpolation, errors as great § 


as 0/5 can arise in the computed altitude. 


Weems’ New Line of Position Tables are sometimes called the Manuscript § 
Tables because they were in manuscript form from 1932 until they were published in § 
1943. They are similar to his earlier tables but arranged with the position of latitude § 
and meridian angle values interchanged so that values for several observations can be § ° 
taken from the tables with a single book upening. The latitude values are extended 4 
from the 65° given in earlier tables to 90°. As in the earlier edition, the Rust azimuth 9: 
diagram (art. 2106) is included, but provision is also made for computation of azimuth 7 
angle. One part is found in terms of latitude and meridian angle, using the formula of § 
H.0. Pub. No. 208, and the other part is found in terms of altitude and the perpendicular § 
from the zenith. If the azimuth is required to a greater precision that 0°5, interpolation J 


is needed. The assumed position is selected so that the latitude and meridian angle are 


each the nearest whole degree. 
Collins. The I. C. S. Altitude and Azimuth Tables for Air and Sea Navigation, 


by Elmer B. Collins, formerly of the U. S. Navy Hydrographic Office, were published 


by the International Correspondence Schools in 1934. The tables and method of solution 


are generally similar to those of H.O. Pub. No. 208. 
F-Tafel, published by the German Oberkommandos der Kriegsmarine about 1937, 


divides the triangle by a perpendicular from the zenith. The formulas of Souillagouet 
are used for altitude. Azimuth is found by the familiar formula 


sin Z=sin t cos d sec h. 


There are four tables. Latitude, declination, and altitude are limited to 70°. The | 


assumed position is selected so that latitude and meridian angle are each to the nearest 
whole degree. 


Comrie. In 1938 the Hughes’ Tables for Sea and Air Navigation, by L. J. Comrie, , 


former Superintendent, H. M. Nautical Almanac Office, were published in London. 


These tables are similar to those of H.O. Pub. No. 208, but arranged with the positions 
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of latitude and meridian angle interchanged as in the Weems’ New Line of Position 
Tables. 

Myerscough and Hamilton. The Rapid Navigation Tables, by W. Myerszough 
and W. Hamilton, were published in London in 1939. A perpendicular is dropped 
trom the zenith to the hour circle of the celestial body. With slicht modification, the 
altitude formulas of Souillagouet and the azimuth formula of Gingrich are used. Six 
quantities are tabulated in a single table of 90 pages. Both declination and latitude are 
limited to 70°. In the 1950 edition, the limits of declination and Jatitude were extended 
to 89°. A revision of the 1950 edition was published in 1965 as Rapid Navigation 
Tables for Mariners, a table of 195 pages. 

Ageton’s Manual of Celestial Navigation, published in 1942, combines the first 
table of Weems’ New Line of Pesition Tables as table I, and H.O. Pub. No. 211 (art. 
2111) as table II. The basic formulas are restated in terms of secants and cosecants. 
The result is a short, easy solution without interpolation, involving four book openings, 
eight table entries, and four mathematical steps. Since the H.O. Pub. No. 211 table is 
included, the book can be used for Ageton’s earlier method. 

Benest and Timberlake. The Astro-Navigation Tables for the Common Tangent 
Method by two British professors, E. E. Benest and E. M. Timberlake, were published 
in 1945. In three tables of 61, 18, and 12 pages is given a logarithmic solution for altitude 


~ only, by dropping a perpendicular from the zenith. The formulas are slight modifications 


of those of Ogura. 
The location of the line of position is somewhat similar to the method sometimes 


used in longitude method solutions such as H.O. Pubs. Nos. 203 and 204 (art. 2106). 
: Two assumed positions are selected, usually 1° apart on the same meridian. The 
- altitude intercept at each position is determined, and a circle, or arc of a circle, is 
. drawn with the assumed position as the center, and the altitude intercept as the radius. 


The line of position is the common tangent to the two circles. Since there are four 


* common tangents, the general direction of the body is required. Where doubt exists 
_ as to which of two or more answers is the correct one, additional solutions from other 
assumed positions may resolve the ambiguity. If the celestial body is near the meridian, 


the two assumed positions are better taken on the same parallel of latitude. Even with 
these precautions, there is danger of selection of the wrong line. 

Tavole H (J. I. 3118), published by the Istituto Idrografico della Marina of 
Italy in 1947, combines table I of Ogura and table II of Weems’ New Line of Position 
Tables, including, also, the Rust azimuth diagram (art. 2106). This table is a modi- 
fication of an earlier Tavole F. 

Cumbelié. In 1969 Captain Petar Cumbelié of Yugoslavia published his single 
volume and compact Nautitke Tablice. This method is based upon a triangle divided 
by dropping a perpendicular from the zenith. The table includes an English explanation. 

2111. Altitude methods, perpendicular from body.—Figure 2111 is a diagram on the 
plane of the celestial meridian (art. 1432), with the navigational triangle shown in heavy 
lines. A perpendicular from the celestial body, M, to the celestial meridian divides the 
triangle into two right spherical triangles. In figure 2111 the length of the perpendicular 
is designated » and the twa parts of the colatitude are designated w and z. By means of 
Napier’s rules (art. 142, vol. II), the following basic formulas can be derived: 


sin »=cos d sin t (1) 
cos w=sin d sec », or sin w=cot t tan v (2) 
sin h=cos v cox (3) 
sin Z=sin » sec h, or cos Z=ten z tanh (4) 
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Figure 2111.—Navigational triangle with per- 
pendicular from celestial body to celestial 
Meridian. 


Since z=90°—(w-+L), formula (3) can be written in terms of latitude, and w found 
from equation (2). Thus, both h and Z can be determined by means of t, d, and L and 
auxiliary functions found from them. 

William Thomson (Lord Keivin) was the first to divide the navigational triangle 
as shown in figure 2111 for sight reduction, but his method (art. 2106) was for deter- 
mination of longitude. Various later methods made such a division for determination 
of altitude. 

Fuss. The Tables to Find Altitudes and Azimuths, devised by V. E. Fuss, an astron- 
omer at the Kronstadt (Russia) Naval Observatory, were published in 1901. In these 
tables a perpendicular is dropped from the celestial body, the following notation being 
used (fig. 2111): 

v is designated a 

w is designated 90°— 

z is designated B~—90° 

B=90°~L-+b (if v falls between Z and Q). 


Solution is by the following formulas: 


sin a=cos d sin t 
cot b=cot d cos t 
sin h=cos a sin B 
cot Z=cot a cos B. 


The assumed latitude is selected to provide the nearest 15’ value of B. The assumed 
longitude is selected so that t will be the nearest whole 1™ (0°25). The tables are entered 
twice, first with t and d to find a and b, interpolating for d, and then with B and a 
to find h and Z, interpolating for a. The method involves two book openings, eight 
table e:tries, four interpolations, and ten mathematical steps. There are 144 pages 
of tables. 

Aquino. The Altitude and Azimuth Tables of Radler de Aquino, a Brazilian naval 
officer, were first. published in 1909. These were followed the next year by his Sea and 
Air Navigation Tables. Several later editions of both publications appeared with some 
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modification, principally of the auxiliary material given. Aquino dropped a perpen- 
dicular from the celestial body to the celestial meridian, and used the same formulas 
as Fuss and generally the same arrangement, except that longitude is assumed so as to 
provide a meridian angle to the nearest whole degree. 

H.O. Pub. No. 209 (Pierce), Position Tables for Aerial and Sufase Navigation, 
was published by the U. S. Navy Hydrographic Office in 1930. These tables were 
devised by Commander M. R. Pierce, USN, in 1925, when he was navigator of the 
dirigible USS Los Angeles. The method is based upon a triangle divided by a perpen- 
dicular from the celestial body. It is generally similar to those designed by Fuss and 
Aquino, but the arrangement is somewhat different, requiring 206 pages of tables. This 
method was never widely used, and is now out of print. 

H.O. Pub. No. 211 (Ageton), Dead Reckoning Altitude and Azimuth Table, was 
published by the U.S. Navy Hydrographic Office in 1931. This method, designed by 
Lieutenant Arthur A. Ageton, USN, while a student of the Post Graduate School, 
then at Annapolis, Maryland, is based upon a triangle divided by dropping a per- 
pendicular from the celestial body. It is generally similar to those of Fuss end Aquino. 


However, Ageton modified the formulas so as to include only secants and cosecants. 


In terms of figure 2111, his notation is as follows: 


v is designated R 

w is designated 90°—K 
zx is designated K~L 
K=c+L. 


’ Ageton’s formulas are 


esc R=csc t sec d 


esc d 
ese K= sec R 


esc h=sec R sec (K~L) 





A single table of 36 pages gives five-place log cosecants (labeled A) and log secants 
(lebeled B), both multiplied by 100,000 to eliminate the decimal. ‘hese values are 
given in parallel columns for each 0/5 of angle from 0° to 180°. The table is well ar- 
ranged and indexed for quick reference. The rules are relatively simple and well pre- 
sented. The method can be used for solution from the dead reckoning or any other as- 
sumed position. The method is intended for use without interpolation. These features 
combined to make this a popular method, although solution is somewhat tedious, 
and large errors may be encountered if t is near 90°. The method has been largely 
superseded by those tables constituting a list of computed answers. However, the 
method is now published as table 35. 

If a celestial body near the visible horizon is observed, it may be below the celestial 
horizon (zenith distance greater than 90°), because of refraction and dip. Un r these 
conditions the computed altitude, He, is negative (art. 2023). In the solution oy H.O. 
Pub. No. 211, Hc is negative if K is of the same name as L and greater than (90°-+-L), 
or if K is of contrary name to L and greater than (90°—L). Under the second of these 
conditions, Z is less than 90° and should be taken from the top of the table if K is 
greater than (180°—L). 

Fontoura da Costa and Penteado’s Tabuas de Altura e Azimute were published in 
Lisboa, Portugal, in 1936. These consist of 26 pages of log secant and log cosecant 
tables similar to those of H.O. Pub. No. 211. The method and formulas are slight 
modifications of those of H.O. Pub. No. 211 (table 35). 
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Tillman. The Altitude Tables for Mariners and Aviators, by ©. Tillman, were 
published in 1936 in Sweden. Solution is by three tables using the basic formulas 
given above. 

USSR tables. About 1940 the USSR replaced the Fuss tables with a method 
that is similar but uses a much shorter table. However, the solution is about the same 
length as with the Fuss tables, requiring six book openings, nine table entries, and 
five methematical steps. Visual interpolation is used. 

Japanese H.O. Pub. No. 602, Brief Celestial Navigation Table, was published in! 
1942. A perpendicular is dropped from the celestial body, as in figure 2111. Side w, 
is designated K, and the following formulas are derived from the basic formulas given . 
above: 

log tan K=log cot d+log cos t 


log cot Z=log cot t+log esc K+log cos (K+L) 
log cot h=log cot (K-+-L)-+log sec Z. 


These formulas result in a simple solution, at the expense of some duplication in the 
three tables of 49 pages. 

Hickerson. In 1944 Thomas F. Hickerson, professor of applied mathematics 
at the University of North Carolina, published a small volume called Navigational 
Handbook with Tables, in which the tables of H.O. Pub. No. 211 are given with the 
interval between entries reduced to 0/2. All values are given on 45 pages, by tabulating 
values only to 45° and interchanging the A and B values for angles between 45° and 
90°. In 1947 a second edition was published under the title Latitude, Longitude and 


2112. Altitude methods without use of navigational triangle-—The navigational 
triangle is composed of arcs of three great circles: the celestial meridian of the observer, 
the hour circle of the celestial body, and the vertical circle of the celestial body. Arcs 
of other great circles might also be used in forming spherical triangles that can be 
solved to find altitude and azimuth. 

Kotlarié. In 1954 Stjepo M. Kotlarié, scientific co-worker, Hydrographic Institute 


of the Yugoslav Navy, proposed a method and in 1958 published Tables K1 based upon }- 


the solution of three right spherical triangles composed of arcs of great circles, as 
follows: 


triangle 1—celestial horizon, hour circle, and celestial equator; 
triangle 2—celestial horizon, hour circle, and celestial meridian (lower branch); 
triangle 3—celestial horizon, hour circle, and vertical circle. 


The formulas are derived from Napier’s rules (F, M, and C are auxiliary parts): 


cos C=cos L sin t 
tan M=cot L cos t 
tan (Z+F)=— sin L tan t 
tan F=ces C tan (M+d) 
sin Hc=sin C sin (M+) 
Z=(Z+F)—F. 


He and Z are solved from tables I and II, tables III and IV being the multiplica- 
tion tables for obtaining the Hc corrections. The four tables total 190 pages. Table IIT 
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: is not used if the assumed position is selected so that iatitude and meridian angle ara 
’ the nearest whole or half degree. The pages could be reduced considerably if values for 
half degrees were not tabulated. With an assumed position selected as indicated ebove, 
the method requires only four table entries and three mathematical steps. All signs are 
printed in the heading of the tables. The computation is simple. Tables K1 were re- 
printed in 1963 and 1971. The tables include a comprehensive English Uxplanation. 
2113. Modern inspection tables may contain lists of altitude or azimuth, or both. 
Another type tabulates the information needed for finding longitudes. Values are taken 
directly from the tables, without the need for logarithms, auxiliary functions, or mathe- 
matical solutions (except interpolation). Inspection tables are not new, the horary 
tables of Cassini in 1770, Lalande in 1793, Lynn in 1827, and Hommey in 1863 (art. 
2106) being of this type. Other inspection tables include Davis’ Chronometer Tables, 
Blackburne, H.O. Pubs. Nos. 203 and 204, Ball, Davis’ Al-Azimuwth Tables, and H.0. 
Pub. No. 201 (arts. 2106 and 2109). None of these tables is used to any extent today, 
largely because interpolation is difficult, and coverage is limited. A short logarithmic 
solution with wide coverage has often proved more popular. 

In contrast, the modern inspection table, raade practicable by recent developments 

in computation techniques, has largely replaced the trigonometric solution. The princi- 
‘ pal modern inspection tables are: 
Pub. No. 214, Tables of Computed Altitude and Azimuth, were published by the 
, U.S. Navy Hydrographic Cflice between 1936 and 1946, in nine volumes. Between 
1951 and 1953 the British Admiralty published identical tables (H.D. 486) in six 
volumes, with altered explanation to suit British practice. The first volume of an 
identical Spanish edition was published in Spain in 1953, and the second volume in 
1956. Several volumes of an Italian edition based on Pub. No. 214 have also been 
published. Pub. No. 214 was superseded by Pub. No. 229, Sight Reduction Tables for 
Marine Navigation. Toth tables are described in detail in chapter XX. 

British Air Pub. 1618 (H.O. Pub. No. 218), Astronomical Navigation Tables, 
were published by the British Admiralty between 1938 and 1944 in 15 volumes (iat. 
0°-79°). In 1941 the first 14 volumes (lat. 0°-69°) were republished by the U. S. Navy 
Hydrographic Cffice as H.O. Pub. No. 218. The tables are intended primarily for 
aviators. 

These tables are similar to Pub. No. 249, but with several major differences. In A.P. 
1618 values are given to the nearest whole minute for altitude, and the nearest whole 
degree for azimuth. The altitude vatues include allowance for refraction at a height 

’ of 5,000 feet. The minimum altitude in most cases is 10°. Provision is made for inter- 
polation for declination only, and this always from the nezt smaller whole degree, 
instead of from the nearest whole degree. Deciination is given for each whole degree 

» from 0° to 28° only. In addition, values of altitude and azimuth angle are given for 
the declination (in 1940) of 22 stars. This part of the table is entered with the star name 
(or an arbitrarily-assigned number), so the declination of the body need not be known. 
An auxiliary table provides a correction for changes in declination during the years 
following 1940 (to the year 2000). 

During World War II these tables were widely used by aviators. Some marine 
navigators also used them. Publication of these tables has been discontinued. 

Japanese H.O. Pub. No. 351, Celestial Navigation Observation Table, was pub- 
lished in 1940-42, in seven volumes for latitudes 0°-70°. The original printing was 
classified “‘secret.’’ The tables are similar to British Air Pub. 1618, with several differ- 
ences. In H.O. Pub. No. 218 all star-name entry tables are given first, followed by 
all declination entry tables. In Pub. No. 351 the declination entry table for each degree 
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of latitude is followed by the star-name entry table. Altitude * ng ~efraction 
at 4,000 meters (13,123 feet), are tabulated to a minimum va. 2°. Declination 
is extended to 29°. The latitude-declination contrary-name sntrie. © anver**d so that | 
meridian angles increase upward on the page as in Pub. Nou. 2¢0 (act. 719, ve! LD, | 
resulting in better utilization of space on the pages havin, Luh “same ne‘ne” and | 
“contrary name” entries. Twenty stars are used, the selectim d. “~~ omewhat | 
from that of H.O. Pub. No. 218. In H.O. Pub. No. 218 the stars xt. “st. and num- ! 
bered alphabetically. In Pub. No. 351 they are given in order oi declination, from 
Dubhe, listed as 62°03’N, to Sirius, listed as 16°38’S. 

Hoehne, In October 1941 George G. Hoehne, then a navigation instructor at the 
Pan American Airways Navigation School, Miam', slorida, submitted a set of Star 
Air Navigation Tables to the U. S. Navy Hydrographic Office which were superior to . 
the star section -f H.O. Pub. No. 218 in basic design. His manuscripts included the - 
tabulation of the altitudes and true azimuths of carefully selected bright stars arranged _ 
in 8 format such that this data could be rapidly extracted for at Jeast ten stars from 
two facing pages with but one opening of the tables. The use of LHAY instead of the 
LHA of each star as a table argument simplified the sight reduction by: (1) eliminating 
the need to apply the SHA of a star to the GHAY to obtain the LHA of a star; (2) 
enabling the cptimum arrangement for rapid extraction of tabular values of altitude . 
and true azimuth; and (3) providing for the selection of the best, stars for observation | 
for a given LHAT at an assumed position. The use of LHAT as a table argument with |- 
the data arranged in parallel columns so that the stars would be tabulated, from left 
to right, in increasing numerical order of true azitnuth served to make the tables a star 
finder. The same basic format was later used with 360° of LHAY per table opening 
for volume I of Pub. No. 249, Sight Reduction Tables for Air Navigation. 

In early 1942, Hoehne was originally granted permission to use, in part, tabular 


values of altitude, azimuth angle, and pertinent data contained in the star section of es 


H.0O. Pub. No. 218 and ingeniously constructed his preliminary volume I of Celestial 
Navigation Tables. Its success led to his publication of volume II of Practical-Celestial 

Air Navigation Tables in 1943. For the period 1942-1990, two simple correction tables 

prevent the tabulated altitudes from becoming inaccurate because of precession of the jf - _- 
equinoxes (art. 1419). Refraction at altitude 5,000 feet is included as in H.O. Pub. No. . 
218. Ys 

Figures 2113a and 2113b illustrate facing pages on which data for at least 10 stars | 
are tebulated for a 60° range of LHA 7 (T). 

The tabulated altitudes are corrected for annual change in declination using 
Table I on the inside of the front cover (fig. 2113c). This correction must be added or |. 
subtracted according to the sign prefixed to (t). The year at the bottom of each star | 
column is the year before which this correction cannot exceed 1’. 

GHA 7 as obtained from the almanac is adjusted for the annual change in right 
ascension using Table VII at the back of the book (fig. 2113d). The correction obtained 
from this table can be readily combined with the increment to be added to the tabular | 
GHA extracted from the almanac. 

Ezample-—During morning twilight on June 1, 1975. the 0430 DR position of a ~- 
ship is Jat. 30°10’N, long. 45°02’W. At GMT 4"32°30° the navigator observes Fomal- 
haut with a marine sextant having no IC, from a height of eye of 38 feet. The hs is _ 
24°58’. ‘ 
Required.—The a, Zn, and AP, using volume II of Practical Celestial Air Navigation - 
Tables and the Air Almanac. . 
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Solution.— 
June 1 Fomalhaut + * - 
GMT 73230" June 1 Ic — — 
730 1°40" D_ 6! 
2730° 0°38’ sum — 6’ 
GHA T 362°18’ corr. (—) 6’ 
1975 corr. (—) 04’ hs 24°58’ 
adj.GHA T  362°14’ Ho 24°52" 
ar 45°14 W 
LHA Tf = 317°00’ 


aL 30°00'N 
ht 24°49’ t (+)17 
1975 corr. (+) 10’ 
He 24°59’ 
Ho 24°52’ 
a TA 
Zn 154° an 





aL 30°00'N 
45°14 W 


Since refraction at 5,000 feet is included in the tabulated altitudes, the sextant 
altitude is not corrected for refraction. An auxiliary table provides an additional refrac- 
tion correction to be applied to low-altitude observations. For marine observations 
there is no correction for altitudes above 15°; the correction is (—)1’ for altitudes 6° to 


, 10° and (—)2’ for altitude 4°. The correction is applied to the sextant altitude. 


Japanese H.O. Pub. No. 603, Simplified Celestial Obserration Table, was published 
in 1943. This publication is virtually the same as Pub. No. 351, except that eight 
additional stars are given, all farther south than those of Pub. No. 351. This extends 
the list to « Crucis ‘Acrux), given as declination 62°48’S. 

Altitude and Azimuth Almanac was published by the Japanese Hydrographic 
Office, beginning in 1944. Originally, this was a secret publication. Several different 
versions were printed, und there were some modifications after the first editions. In 
each, however, the functions of almanac and sight reduction tables were combined. For 
each of several specific locations, the altitude and azimuth of one or more celestiai 
bodies are tabulated for the date and time, usually at ten-minute intervals. In the 
earlier editions, the locations selected were important pcints in the western Pacific. 
From this practice, these publications are sometimes called “destination tables.” 
Later editions used positions differing in latitude by 5°. These tables provided a quick 
solution for observations made at the tabulated times. On a worldwide basis such a 
system would involve a very voluminous tabulation each year, or cumbersonie cor- 
rections. The Altitude and Azimuth Almanac is no longer published. 

Hohentafeln nach Sternzeit, an official German table, was published in 1944 
as an experimental edition with a very limited range of iatitude. The tables were 
similar to those of Hoehne, but with six stars listed for each minute of local sidereal 
time. 

Ménéclier and Chevalier. The Cdlculo del Punto of Victor Ménéclier and Roberto 
Uhevalier was published in 1945-49 by Acrondutica Arg ntina. There are six volumes 
for latitudes 0° to 59° south. At intervals of 4°1ST (or 1° LHAT) the altitude, 
correction factor, and azimuth (not azimuth angle) of selected stars are tabulated. 
Twelve coiumns ere provided, but a number of blsnk areas appear, resulting in an 
average of about nine altitude-azimuth entries for each time entry. In most cases 
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Fictre 2113s.—Left-hand page of opening of Practical Celestial Air Nevigation Tables. 
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From Practical Celestial Air Navigation Tables, Volume II. Copyright 1942, 1948, 1969 & 1970, by Navigation Publishing Co., and by 
George G. Hoehne, Author, Used by permission. 


Fiaure 2113b.—Right-hand page of opening of Practical Celestial Air Navigation Tables. 
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TABLE VII. 
_ [SQRRECTION To GHA ARIES DUE_TO_ANNUAL IN RIGHT ASCENSION OF STARS 


0 terrane + —tiemamenatiinane ienetLtaimRet Nese RRte NNO REE 
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see oN ALE Fa gM ult hae 


' i 

J-214+28- 1210419] -25~12-224 18+15, yy 

22 28 13 10 19} 25 13 23 17 15 { i 

f 22 27 14 ib 18} 26 13 24 16 15 i a 
23 26 14 12 17] 27 14 25 15 14 : 

24 25 1S 12 16] 28 1S 26 15 14 2 

| -25+.25-15~13+15] -28~16-27+ 14414 2 
962} 26 24 16 14 14] 29 17 28 13 13 eye o. pt 
H 26 23 17 15 13} 30 18 29 aI oa 

f 27 22 17 15 12] 30 18 30 12 13 - 3 
9654 28 21 18 16 11{ 31 19 32 Ht 12 : oy 4 
3 

; 3 

one oo 

38 27 43 03 09 f 3 





~39-28-44402+09] -09+02-34-01-05| +02-31- 27-46-21 
39 29 45 01 08] 10 92 35 Of 06] 01 31 28 47 21 
40 30 46 00 08 
41 31 47-01 08 
41_31_48 01 07 01 34 30 SO 24 

~42-32-49-02+07 2-09 | -02-35-31 -S0-24 

03 36 31 S$) 25 

04 36 32 S2 26 

OS 37 33 $3 26 

06 38 33 S4 27 

~07-39-34-54-28 

08 39 35 SS 29 

09 40 36 S6 29 

10 41 36 57 30 

748-39-59-09+04 | -16-08~47~06~16| ~11-42-37~58-31 


Correction applied to GHA Aries in accordance with prefixed sign. 





From Practical Celes.ial Alr Naviga ton Tables, Volume II. Copyright 1542, 1948, 1969 & 1970, by Narigation Publishing Co., ond by 
George G. Hoehne, Author. Used by permission. 


Fraure 2113d.—Correction to GHAY due to annual change in right ascension of stars. 
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altitudes are carried to a minimum value of 5°, and azimuth to the horizon. These tables 
are similar to those of Hoehne and volume J of Pub. No. 249. ; 

H.0O. Pub. No. 230 (Goetz), High Latitude Celestial Navigation Tables, designed 
in 1945 by Roy F. Goetz, was published by the U.S. Navy Hydrographic Office in 1946. 

The first section, called “Star Tables,” is entered with the latitude to the nearest 
1° from 70°N to 89°N, the name of the star (for ten selected stars), and LHAY at] 
intervals of 2° for latitude 70° to 79°, 5° for 80° to 84°, and 10° for 85° to 89°. Altitude 
is tabulated to the nearest 1’ and azimuth (not azimuth angle) to the nearest 0°1. Al 
“AH” value is given for use with an auxiliary table to interpolate for precession of the | 
equinoxes (art. 1419). \ 

In the second section, called ‘Declination Tables,” declination is substituted for | 
the name of the star. A separate table is given for each 1° declination from U° to 28°. i 
For esch degree a “same name” section is given first, followed by a “contrary name” | 
section (to declination 19°). The minimum altitude is 1°. The declination tables } 
give “d” in place of “AH” for use with an auxiliary table to interpolate for declination. , 

Only 400 of these tables were published. They were intended only for use in , 
military aircraft operating beyond the latitude range of H.O. Pub. No. 218. After 
Pub. No. 249 became available, H.O. Fub. No. 230 was canceled. 

Pub. No. 249, Sight Reduction Tables for Air Navigation, in three volumes, are | 
published by the Defense Mapping Agency Hydrographic Center. A preliminary edition | 
of volume I for selected stzrs was published in 1947 under the title Star Tables for Air } 
Navigation, using the principles and features of tables proposed previously by George G. 
Hoehne, Commander C. H. Hutchings, USN, and others. The altitudes of this edition 
were adjusted for refraction at a height of 10,000 feet. By the time the “‘first” edition 
was printed in 1951, for epoch 1955.0, more than 20,000 copies of the preliminary edition 
had been distributed. The 1951 edition dropped the refraction adjustment feature 
from the altitudes, and had an improved selection of stars. It was followed in 1952 
with two volumes for declination entry at 1° intervals from 0° to 29°. In 1952 and 1953 
a British edition was published with identical tables (A. P. 3270) but altered explanation. 
The tables have been accepted as standard by the air forces of Great Britain, Canada, 
Australia, New Zealand, and the United States. 

Pub. No. 249 is described in detail in chapter XX. 

Experimental Air Navigation Tables. During the early part of World War If 
the British Royal Air Force felt the need for an inspection table that would be faster 
than Air Pub. 1618 (H.O. Pub. No. 218), but free from the limitations of the astro- 
graph (art. 2123).-Wing Commander R. C. Alabaster suggested the addition of SHA 
to the hour angle (measured eastward) of the stars given in Air Pub. 1618, converted 
to time at the sidereal rate of 15°02'5 per hour. This would give the time interval 
until the next meridan transit of the vernal equinox. Before observation, the time of 
passage of the vernal equinox across a convenient meridian would be marked on the 
chart or plotting sheet. After observation, the tables would be entered with assumed 
latitude and the nearest tabulated altitude. The (SHA-4-HA) corresponding to this 


























































altitude would be added to GMT at the time of observation. The result should be close bbe 


to the time marked on the chart. The difference would be converted to arc units (or 
a time scale would be marked on the chart or plotting sheet) and the corresponding : 
longitude determined. This point would serve as the assumed position. The difference 
between the observed altitude and the. used for entering the table would be the altitude 
difference to be used with the azimut' for plotting the line of position. 

Squadron Leaders A. Potter and A. J. Hagger suggested a method of printing a 


time scale on the chart or plotting sheet with an auxiliary table to assist in locating the | ~ 


assumed position. 
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Various modifications and conventions were later added to avoid negative values 
and other complications. As the method finally emerged, a quantity known as “scale 
time’’ was adopted. This value, designated 7, would be equal to 26 hours plus the GMT 
of the next transit of the vernal equinox occurring after 0600 during the night of the 
flight. The GMT of observation would be designated t. The quantity T—t would be 
the value tabulated. 

: Further attempts were made to simplify the conversion of mean to sidereal time 
so that the single. setting might be used during an entire flight. One of these, called 
the ‘‘Astro-Scales,” was suggested by Wing Commander E. W. Anderson in 1945. 
In 1953 he and D. H. Sadler suggested an improved version. 

Although a considerable amount of thought was given to this method, and ex- 
perimental tables were published for a limited band of latitude, the limitations of a 
longitude method and the inconvenience of converting mean time to sidereal time 
resulted in the method being discarded in favor of the less restrictive Pub No, 249 
method. 

Ashton. [n 1943 Philip Ashton proposed a set of tables called Astrograph-time 
Star Tables for Air Navigation, based upon the principle of the Experimental Air 
Navigation Tables. A permanent table would be entered with the name of the star, 
latitude, and “astrograph mean time” (art. 2123), and altitude and azimuth would 
be taken from the table. A set of tables issued each year would list the values to be 
used with GMT each night to determine the astrograph mean time. Before take-off,- 
the chart or plotting sheet would be marked to agree with the astrograph mean time, 
‘ and a metal tape would then be used to convert mean time to sidereal time for finding 

the assumed position. 
‘ Heard. About 1950 Jonn F. Heard, associate professor of astronomy at the Uni- 
* versity of Toronto, ¢ epared « modification of the Experimental Air Navigation Tables. 
The tabulation would be altered so that altitude would be given in the left-hand column 
at intervals of 20’. A delta (“diff.””) value would be tabulated and this used with the 
. difference between entering and observed altitudes to enter an auxiliary table to deter- 
mine a correction to be applied to T—t¢ so that the altitude difference need not be 
plotted. A correction for 60 minus seconds of T would also be applied. The “bearing” 
of the line of position (azimuth plus or minus 90°) would also be tabulated. The line of 
position would be plotted through the assumed position, in the direction indicated by 
the “bearing.” For any given time three stars differing in azimuth by approximately 
120° would be given. The part of the table to use would be determined by a rough 
computation of T—t. 

Kotlarié. In 1976 Dr. Stjepo M. Kotlarié, (art. 2112 and 2116), then Assistant 
Director, Hydrographic Institute of the Yugoslav Navy, conceived and designed a set 
of inspection tables generally similar to Pub. No. 214 in format but differing con- 
siderably from the latter tables in the manner of tabulatior.. 

Projected for publication in 1977, Tables K21, Computed Results of Altitudes 
and Azvmuths for all Latitudes and ail Celestial Bodies, are in three volumes, each 
covering a 30° band of latitude. The table arguments are latitude, meridian angle, 
' and declination. The respondents are tabular altitude, index for altitude correction 
due to the excess of actual declination over the declination argument, and azimuth 
angle. Unlike Pub. No. 214 but like Pub. No. 229, the sign of the altitude correction is 
tabulated. 

The altitude and azimuth angle data for each degree of latitude are arranged 
on nine successive openings of the volume. Meridian angle is the vertical argument 
and declination is the horizontal argument. As in Pub. No. 214, tabular altitudes and 
corresponding azimuth angles are limited to those of bodies approximately 5° and 
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more above the horizon. Data for a body having declination of same name as latitude 
are tabulated on the left-hand page and continued on the right-hand page as necessary. 
Data for a body having declination of contrary name to the latitude are tabulated 
below on the right-hand page beginning with meridian angle 0° and continuing until 
the 5° altitude limitation is reached. 

At each opening declination is tabulated in eight columns at 1° intervals from 
0° to 30°; from 31°30’ to 89° the declinations and intervals are selected to provide 
those declinations required for the reduction of the selected stars. The declination 
in the right-hand column of each page is repeated in the first column of the pages . 
of the next opening. This repetition of data is used as an aid to determining whether 
interpolation of azimuth angle for declination increment is required. There is no need 
to turn pages to determine the change in azimuth angle for 1° increase in declination. 

The tables are intended for use with an assumed position selected so that inter- 
polation for latitude and meridian angle is not required. Entering the tables with 
integral values of latitude, declination, and meridian angle, the respondents are found 
in a form which is ® unique feature of Tables K21. The degrees and minutes of the tabu- 
lated altitude are printed as a two to four digit group without spacing between digits 
if four digits are used. For example: Tabular altitude 32°45’ is printed as 3245. Although 
the digital tabulation is only to the minute for tabular altitude and the index for altitude 
correction, and to the degree for azimuth angle, the addition of a decimal point follow- 
ing these values enables their extraction to a greater precision than that tabulated. 
The decimal point following the tabular altitude or the index for altitude correction 
means 0/5; following the tabular azimuth angle, the decimal point means 0°5. The 
table designer added this feature to include the maximum amount of data in the 
smallest space practicable and to give the user an option with respect to the precision 
of the data extracted. When using the decimal point option, the extracted values of 
altitude and index correction do not differ from values computed to the nearest 0/1 
by more tha. 0/2; the extracted azimuth angle values do not differ from azimuth angles 
computed t» the nearest 0°1 by more than 0°2. 

The multiplication table is simple to use. It is entered with the index correction as 
the vertical .rgument and the declination increment (1’ to 59’ followed by decimal 
parts from 0/1 to 0/9) as the horizontal argument. 

The tables include a comprehensive English explanation. 

Davies. in 1974 Rear Admiral Thomas D. Davies, USN (Ret.) proposed the 
construction of tables listing for each degree of latitude the LHAY and azimuth of 
stars when their altitudes are integr.| degrees. The table entering arguments are as- 
sumed latitude and assumed altitude. A list of about 15 to 20 stars under the altitude 
heading approximating the observed altitude is examined to find the combination of | 
LHAYT and azimuth approximating the time and azimuth of the star observation. 1 

The altitude intercept is plotted from an adjusted assumed position: the closest 
integral degree of latitude and the DR longitude offset by the difference between the ° 
tebulated LHAT and LHAT at the time of the observation. 

The identity of the star observed need not be known. 

Due to the high rate of change of LHA with change in latitude and altitude - 
when a body is near meridian transit, a simple modification of the normal procedure | 
is required when stars are observed st or near meridian transit. When the star is near 
meridian transit, LHAY for meridian transit and a correction to the assumed altitude 
to give the altitude at transit are tabulated. The simple modification is clearly identified. j 
A correction for precession of the equinoxes (art. 1419) and nutation (art. 1417) may be | 
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The proposed method is called the Method of Assumed Altitude. The proposed 
tables are entitled Star Sight Reduction and Identification Tables. 
2114. Azimuth methods.—Nearly all methods proposed for ebtaining a line of 
- position are based upon the use of altitudes. The azimuth might also be used if an 
instrument becomes available for measuring it to the required accuracy. The accuracy 
needed would depend upon the acceptable error of the line of position. The error would 
be proportional to the cosine of the altitude. For a celestial body on the celestial horizon 
an error of 1’ in the azimuth would introduce an error of one mile in the line of position, 


the same as it does in an altitude observation. For any altitude greater than 0°, the- 


error would be less. 

Each method of determining a line of position by altitude has its counterpart in 
the azimuth problem. Thus, if it can be determined that a celestial body is exactly 
on the celestial meridian, the west longitude is the same as the GHA of the body. 
If the body is exactly on the prime vertical, the latitude can be computed. As a more 
general case, two points on a given azimuth line can be computed and joined by a 
straight line, by assuming two latitudes or two longitudes. However, if one such posi- 
tion is known, the azimuth line of position can be drawn through it in the direction of 

. the azimuth. If the celestial body is sufficiently high, or if a small scale is acceptable 
and allowance is made for chart distortion, the azimuth line can be plotted directly, 
_ just as the circle of position can be drawn if the altitude is known. The difference be- 
tween the observed azimuth and that computed for an assumed position can be used 
in a manner similar to the altitude difference. The azimuth diff:rence in minutes multi- 


"; plied by the cosine of the altitude would be the “intercept”? measured off from the 


assumed position in a direction perpendicular to the computed azimuth. Through the 
point thus determined, a line would be drawn in the direction >f the observed azimuth. 

: For small differences, the line could be drawn perpendicular to tie line from the assumed 

. position. The relative values of the observed and computed azimuths would indicate 
the direction (right or left) to draw the line from the assumed position. 

Tf the altitude and azimuth were both known to sufficient accuracy, a single celestial 
body would suffice for determining position by any combination of altitude and azimuth 
methods or by direct computation of latitude and longitude. The two lines of position 
would always be perpendicular to each other. 

Double altitudes. For a stationary observer the longitude can be determined by 
observing the altitude shortly »efore meridian transit (either upper or lower), and noting 
the time when the altitude has returned to exactly the same value after meridian transit. 
If there has been no cha 1g¢ in declination beuween observations, the mid time represents 


- the moment of meridian. transit, at which time the azimuth is 000° or 180°. The GHA 


(or 360°— GHA for eust longitude) is the longitude of the observer. This method might 
be considered as either a longitude or an azimuth method. A variation is to observe 


sy anumber of altitudes shortly before and after meridian transit. These are then plotted 


against time on cross-section paper and a smooth curve plotted through them. The 
time corresponding to the maximum altitude (minimum altitude for lower transit) is 
4 the moment of meridian transit. 

Quilter. In 1950 Commander E. S. Quilter, USN, suggested a methed based upon 
azimuth difference. He would measure and compute azimuth to the nearest 0°01 (when 
the means for doing so became available) and express the azimuth difference to the 
same precision. A table would be provided to list values of K. a constant by which the 
azimuth difference would be multiplied for any given altitude to determine the “inter- 
cept” to measure off from the assumed position. 
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2115. Determination of latitude and longitude.—Most methods provide informe- 
tion needed for plotting a line of position. The fix is at the common intersection of two 
or more such lines. A line of position might be plotted in one of several ways. In the 
latitude and longitude methods, the lines are plotted at the computed coordinate. 
When one coordinate has been determined, the other can be computed without plotting. 
Thus, the longitude determined by time sight is generally correct only for the latitude = 
used in its solution, and the plotting of a longitude line is misleading, unless the celestial i 
body is on the prime vertical. A better procedure is to compute two points, using differ-| 
ent latitudes (or longitudes, if latitude is being computed). These two points are on the ; 
line of position. A straight line connecting them is a good approximation of the circle | 
of equal altitude. This was the method used by Captain Sumner when he discovered 
the line of position (art. 131), and the method of H.O. Pubs. Nos. 203 and 204 (art. 
2106). [ 

Another method is to compute one point and the azimuth (or Zn+90°), and plot) 
the line of position through the point. This is the method used by Soule and Dreison-; 
stok (art. 2106). | 
q If only the altitude difference is computed for two points, the line of position is a} 

common tangent of circles of radius equal to the altitude difference at these two points. 
This is the method of Benest and Timberlake (art. 2110). 
The most common modern method of plotting the line of position is by means of 
the assumed position, altitude intercept, and azimuth. 
. It is possible, too, to plot circles of position by using the geographical position of 
+. : each body as the center of its circle, and the zenith distance as its radius. This is the 
method used for high-altitude observations (art. 2024), but is generally not practical 
for ordinary altitudes because of the small scale that would be needed, and the error ; 
that would be introduced by chart distortion, unless plotting were done on the surface f° oe 
of a sphere (art. 2124). x 
The use of a circle of equal altitude is similar to the use of a circle of position around 
a landmark of known range. The bearing of such a landmark also furnishes a line of 
position. Similarly, a line of position can be obtained by plotting the azimuth line of a 
celestial body, and a fix by plotting two such lines. This is generally not done because § ~~ _ 
of the scale and chart limitations mentioned above, and also because the needed ac-§ = 
curacy in observation is beyond the capability of equipment generally available to the { 
navigator. Errors in both compass and measurement of azimuth are involved. : 
Various methods of determining position by computation from observations of 
two or more celestial bodies or four observations of a single celestial body are discussed 
is in articles 2116 and 2117. 

2116. Computed position from observation of two or more bodies.—Several 
methods have been proposed for computing the position directly from the observation |. 
of two or more celestial bodies. These generally consist of some combination of lati-| --- + 
tude and time sight methods. One form of automatic celestial navigation, proposed|: “¢ 
by Collins Radio Company, uses the principle of the planetarium in reverse, two bodies = 
serving to position a horizonta!-stabilized sphere (in principle) for latitude and local 
sidereal ‘ime. If the device is accurately set to Greenwich sidereal time, longitude is _ 
indicated. Y 
’ Fox. In 1951 Charles Fox, associate professor of mathematics at McGill Uni- j 

} versity, Montreal, proposed formulas for computing latitude and longitude if certain | 
es “ star pairs are observed, the two stars of each pair having almost the same SHA. Pre~ | __ 
sumably, simultaneous observations would be needed. Five such star pairs are listed. | — 
Four of the stars in three of these pairs are dimmer than the third magnitude, and are 
not listed in the almanacs, either in the main tabulation or among the additional stars. ,_ 
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: More involved formulas are suggested for use of the method. with any three celestial 

? bodies. 

: de Jonge. In 1945 Joost H. Kiewiet de Jonge, a lieutenant in the Netherlands 
East Indies Army Air Force, proposed a method of determining position from the 
observation of three stars. The U.S. Navy Hydrographic Office published experimental 
tables for several star pairs for latitudes 20° to 30° under the title Three Star Position 
Tables for Aerial Navigation. It was anticipated that if the method proved popular, 
all possible three-star combinations (of the stars in the main tabulation of the almanacs) 
would be given, so that the navigator would not be limited in his selection. 

No assumed position is needed with the method. Three stars are observed at 
intervals of three minutes, the stars being observed in the order of listing in the main 
table. Table I is entered with the three altitudes, hy, h2, and h3, and for each a value 
is taken from the table. These values are labeled H,, He, and Hs3, respectively. They 
are combined to form H,-+H.=Hy2, and H,+-H;=Hy. These combined values, Hy 
and H., are then used to enter the main table, from which local sidereal time (in arc 
units) and latitude are obtained. Greenwich sidereal time minus local sidereal time 
equals longitude (measured westward). Delta values and auxiliary tables provide 

_corrections for motion of the observer and observation intervals differing from three 
minutes. Mean corrections for both atmospheric refraction and Coriolis are included 
in the tables, which are limited to altitudes between 20° and 75°, and azimuth difference 

- between consecutive stars to 165°. 

' Dozier. In 1949 Charles T. Dozier proposed a method based upon the simul- 
taneous observation of two celestial bodies and the soiution of two spherical triangles, 

-with vertices as follows: 
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triangle 1—the two celestial bodies and the elevated pole, 
triangle 2—the two celestial bodies and the zenith. 


The method involves the successive solution of seven formulas: 


cos D=sin d, sin d.+cos d, cos d; cos S (i) 
sin S cos dz 
sin D (2) 
sin_h, tan h; (3) 
cos h, sin D~- tan D 
X= (Xi tah,) FA, (4) 
sin L=sin d, sin h,-+cos d; cos hy; cos X; (5) 
. , sin X, cos hy 
anti (6) 


A\= GHA +t (7) 


bedi gunineatbtebolbane Rien duke alts! AQIS ud an keen vt aside Si oe 


sin (X,+.4))= 


cos A,= 


Y | ite . 
Bob td wb ld hh 


in which D is the great-circle distance (angular) between the two celestial bodies, d; is 
the declination of the first body, d, is the declination of the second body, S is the differ- 
ence of SHA of the two bodies, X, is the parallactic angle of the first body, A; is the angle 
at the first body between its vertical circle and the great circle between it and the second 
body, hi is the altitude of the first body (Ho is used), he is the altitude (Ho) of the 
second body, L is the latitude of the observer, t, is the meridian angle of the first body, 


A is the longitude of the observer, and GHA is the Greenwich hour angle of the first 
body. 
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If the great circle joining the two celestial bodies is on that side of the zenith 
opposite the elevated pole (if Z is within the angle formed by the vertical circle and 
hour circle of the first body), (X,+-.A) is used in formulas (2) and (4), the sign in formula 
(3) is positive (+), and the sign of A, in formula (4) is negative (—). These signs are 
all reversed if the line adjoining the celestial bodies is on the opposite side of the zenith 
(Z outside the angle). If the great circle joining the two bodies passes almost through | 
the zenith, an error might be made in the selection of the sign, and it is well to select 
another star pair. In formula (7) the sign is positive if the first celestial body is east 
of the observer’s celestial meridian, and negative if it is west. The answer is in longi- 
tude measured westward from the Greenwich meridian. If the value exceeds 180°, it 
is subtracted from 360°, and the longitude is east. 

It vue quadrant of angle (X:+.A,) or if t: is in doubt, the following formulas are 
suggested to replace (2) or (6): 

et A= cos d, tan d.—sin d, cos S 


sin S (2A) 


cos d, tan h;—sin d, cos X, 


cot = sin Ay 


(6A): 
| 


In the presentation of the method it was suggested that simultaneous observations 
be obtained by a two-star tracker mounted on a steble platform, or by a double sextant. 
Several such sextants have been proposed, but none is in common use. Other pessi- 
bilities would be to have two observers or to adjust the value of one observation for 
the change in altitude due to its apparent motion and the motion of the observer between 
observations. 

It was proposed that values obtained by solution of formula (1) be published in a 
permanent table, since these values for various star pairs would be constant except for 
the very slight change due to proper motion (art. 1418). Since the values obtained by 
formula (2) change slowly with precession of the equinoxes (art. 1419), it was proposed 
that the angle (X,+.A,) for a number of star pairs be published annually, perhaps in 
the almanacs. The other formulas would be solved after observation of the celestial 
bodies. 

Kotlarié. In 1954 Stjepo M. Kotlarié (arts. 2112 and 2113), of Yugoslavia, proposed 
a method based upon the simultaneous observation of two selected stars and the 
solution of three spherical triangles with vertices as follows: 


triangle 1—the two stars and the elevated pole, 
triangle 2—the two stars and the zenith, and 


triangle 3—the elevated pole, the zenith, and the second star. : i 


The parallactic angle (X) of the second star is determined by solutions of triangles 1 
and 2, using haversine formulas. The latitude and the local hour angle of the second ! 
star are then computed by solution of triangle 3, using observed altitude, parallactic 
angle, and declination of the second star as the kaown parts. By subtracting the GHA | 
of the second star from its LHA, the longitude is obtained. 

From triangle PnM\M2 (fig. 2116), angle A and the interstellar distance (90°—V,) | 
are computed by means of the difference of sidereal hour angles (SHA, and SHA2) 
of the two stars observed and their declinations (d; and d2) from the formulas: 


a —V; de—di | |; SBA SHA 


sin? ———=sin? a= ———+sin? co3 dz cos d; Qi) 






















































































Amor huda et VA ee dae 





wk ht 


a wie nl 















E 


TTT 
Hi HE sh 


re 


1 





en 


































































































































COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 593 


it S=cse (90°—V,) sec dy cos R sin (R—d;) (2) 
pati (90°—Vs)-+d: 
2 


From triangle ZM,Mo, angle B is computed, using the two observed altitudes 
(Ho; and Ho) and the interstellar distance (90°—V,) as the known parts, from the 
formula: 


sin? B ese (96°—V,) sec Ho, cos R sin (R~—Ho,) (3) 
Rat (90°—V;) +Ho 
3 


Angle B, combined with angle A, gives the parallactic angle (X) from one of the 
following relations, depending upon the relative positions of the zenith and the two 


stars: 
X=A+B, K=A—B, X¥=360°—(A-+B). (4) 


From triangle PnZM; the local hour angle of the second star (LH{A:) and the Jati- 
. tude of the observer are computed, using dz, Hoz, and X as the known parts, from the 
; formulas: 





\ — 
sin? 90 ob sin’ How 4 sin? ¥ cos Ho: cos dp (5) 
sin? Hs =cse (90°—d,) sec L cos R sin (R~Hoz) (6) 


Ronet (90°—d2)+L. 
2 

The longitude of the observer and its sign (— for west longitude and + for east 
longitude) are found by subtracting the Greenwich hour angle of the second star 
(GHA:) from the local hour angle of the same star (LHA,). The second star should 
not be observed in the vicinity of the observer’s meridian. 

Nonsimultaneous observations, preferably not more than 4 minutes apart, may be 
used if corrections for the motions of the body and the observer are applied. 

A modified version of this direct method of computation of latitude and longi- 
tude of the observer’s position proposed in 1954 was published in 1971 as Tablee Ki1, 
Two-Star Fix Without Use of Altitude Difference Method. In Tables K11 the developed 
formulas were not used for tabulation of latitude and LHA: as suggested in 1954, but 
for the tabulation of correction indices and their signs. These indices are used through 
the multiplication table in obtaining corrections to the tabulated entering arguments 
(assumed latitude and LHAY) for the difference in declinations and sidereal hour 
angles between the constant values used in the tabulation and the values at the time 
of observation. Correction indices are also provided in the main table for use in ob- 
taining corrections to the entering arguments for the difference between actual and 
tabulated altitudes in order to obtain accurate latitude and LHAT. The longitude is 
obtained by subtracting the GHA? from the sum of LHAT and tabulated SHA:. 

Tables K11 are unique among all other tabular methods as they give tabulated 
corrections to be applied to the assumed position in order to obtain the observed 
position without plotting lines of position. The method is simple; there are no rules 
for signs nor mental interpolations. The tabulat- 1 corrections are given on one page 
of the main tables at the opening for assumed latitude and LHAY. 
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Fieure 2116.—The spherical triangles on the celestial sphere used in Tables K11. 


The tables are published in five volumes: Volume I N(lat. 0° to 9°30’N), in press; 
Volume II N (lat. 10° to 19°30’N), published 1975; Volume III N (lat. 20° to 29°30’N), 
published 1974; Volume IV N(lat. 30° to 39°30'N), published 1972; and Volume V 
N(lat. 40° to 49°30’N), published 1971. 

Data for 37 stars in 155 star combinations are included in the tables. Each of the | 
360 pages of the main table of each volume contains tabulations for two star pairs‘ 
for arguments of a single latitude (whole degrees or whole degrees and half degree) |- 
and a 20° range of LHAT at half-degree intervals. } 

In 1974 Dr. Koilarié simplified the correction procedure required when the star! 
observations are nonsimultaneous, eliminating the need to observe the compass azimuth | 


directly to the tabulated latitude and LHAT. 

The modification is designed for the new edition in a way to duvbl> tae numye of 
star pairs without increasing the number of pages of each volume. To reach thi: goal 
four different star pairs will be tabulated on each page within the same 20° range of" 
LHAT but divided separately for each 10° range of LUA. Hight different star pairs 
are given for each assumed position found at each opening of the tables. This is deemed 
quite satisfactory for the practice of navigation. 
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‘The tables include a comprehensive English explanation. 

Uribe-White. A unique method of using two stars was suggested in 1952 by 
Enrique Uribe-White, of Colombia. A bubble sextant would be used to measure the 
_, altitude of one star, while a small, marine-type sextant attached to the bubble sextant 
| would be used to measure simultaneously the angle at the star between the vertical 
circle and the great circle through this star and a second one. Prepared tables would 
give the great-circle distance between the two stars and also the angle b-+ween the 
: great circle joining them and the hour circle of the first star. This angle, combmed with 
the inclined angle which would be measured, constitute the parallactic angle (art. 1433). 
With this value, the observed altitude, and the declination of the first body, the latitude 
of the observer and the meridian angle of the first star could be computed by relatively 
simple formulas or by a mechanical computer proposed by the originator of the method, 

Meridian angle could be compared with GHA to determine longitude. 
2117. Position from observatien of single body.—If azimuth could be determined 
and plotted to sufficient accuracy, the altitude and azimuth of a single body could be 
used for establishing a fix. Any combination of altitude and azimuth methods (arts. 


2108 and 2114) might be used, or the position could be computed without plotting. 
’ The following formulas might be used: 
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sin t=sin Z cos h sec d 
tan K,=cos t cot d 
tan K,=cos Z cot h 
ead : 2 L=90°—(K:i+K.) (Approximate latitude must be known). 


44 
















, A single body can be used fer a running fix, of course, and if the body is near the 
- zenith, a relatively short time might be needed. This is the case for high-altitude 
* observations (art. 2024) and has been used by a submarine measuring azimuth through 
its periscope when the sun is near the zenith. 
: Willis. Another method of determining position by a single body is by the use 
* of altitude and rate of change of altitude. Three methods of doing this were suggested 
by Edward J. Willis in 1928. 


Prime vertical observation. It can be shown by the use of differential calculus 
(art. 144, vol. ID) that 


cos l= ese & (1) 


when o is the rate of change of altitude with respect to time, specifically the change of 


altitude in minutes of arc during a one-minute-of-arc (four-seconds-of-time) change of 
hour angle of the body. However, to obtain latitude accurately in this way it is neces- 


sary to determine o to an accuracy of perhaps four decimal places, and Z to an ac- 


“A 


curacy of perhaps oue minute of arc. Two possible methods of obtaining ° are given 


below, but present instrument limitations do not permit measurement of azimuth to 
tke required accuracy. However, the cosecant of 90° is unity, so that if the observation 
is made when the celestial body is on the prime vertical, the formula becomes 


dh 
cos L=7 (2) 
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596 COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION i 
i 
Relatively little error is introduced if the body is within 1° of the prime vertical. ! 
The determination of position consists of the following steps: 


1. Observe the altitude (h) and rate of change of altitude (#) when the | 


body is within 1° of the prime vertical. 

2. Compute latitude (L) by formula (2). 

3. Determine longitude by any standard method, such as Pub. No. 214 or other 
line of position method, or by time sight (art. 2106). 


Perpendicular tines of position. The great circle through the zenith and the celestial - 
body (the vertical circle or azimuth line) furnishes an azimuth line of position that can 
be established if rate of change of altitude can be accurately determined. This line is 
perpendicular to the circle of equal altitude and therefore nearly perpendicular to the 
line of position determined in the usual manner. The intersection of the two lines is the 
position of the observer. The method involves the following steps: 


1. Observe the altitude (h) and rate of change of altitude (3) 


od 


2. Compute the direction of the great circle through the zenith and the celestial; 
body (the vertical circle) at the point where the great circle crosses the celestial equator. 
This is the complement, of the latitude of the vertex and so can be found from a modifica- 
tion of formula (2), which gives the latitude of the vertex: 


Mee Ag sin 2=F 8) 
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equator, using the formula 
sin (A,~A,)=tan Z, tan d. 


The velue }, is the longitude of the geographical position of the celestial body. 

4. Solve for the latitude (L) at which the azimuth line of position crosses the 
meridian of the dead reckoning position, or for longitude (A) at which the line crosses 
the parallel of latitude of the dead reckoning position, using one of the following 
formulas: 

tan L=cot % sin (\y~Apr) (5) 
or sin (Ay~A)=tan Z tan Lor £6) 


in which Lyx and Apr are the DR latitude and longitude, respectively. Any assumed - : 
position in the vicinity can be used in place of the DR. In general, it is preferable to ~ 
use (5) if azimuth angle is between 45° and 135°, and (6) if it is outside these limits. 

5. Solve for the direction (Z) of the azimuth line of position at the point determined | 
in step (4), using the formula 


|. 
j 
: 
3. Compute the longitude (A,) at which the vertical circle crosses the to 


sin Z=sin Z sec L. (7) 


Ii the DR position or the AP is near the actual position, the azimuth can be considered 
ae the same at both without appreciable error. 


6. Plot the azimuth line of position through the point found in step (4), in the 
direction found in step (5). j 

7. Compute @ and Zn by any method and plot the resulting line of position. The| . 
intersection of the two lines of position is the fix. t 

Latitude and longitude by computation. This method is independent of a dead | sen Fe 
reckoning position, and requires no plotting. It is free from limitations except that} 
observations near meridian transit should be avoided. At this time the rate of change of ba 
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eltitude decreases to zero and then reverses, introducing a possible error. The steps 
vy this method are: 
j. Observe the altitude (h) and rate of change of altitude (Ff : 
2. Compute Z, using formula (3). 
8. Compute the latitude (L) of the observer by the formula 
Bide» . _.f sin d I} 
sin L=cos Z, cos [ netsin (= TZ, (8) 


In the solution of this equation, the angle whose sine is sue is added to or subtracted 
lo 





from h. The cosine of this angle is then multiplied by cos Z, and the result is the sine 
of the latitude of the observer. The sign is positive (+) unless L is greater than d and 
has the same name, when it is negative (—). However, if d is of the same name and 
greater, the angle to be added may be greater than 90°. 

4. Conpute the meridian angle of the observer by the formula 


Sat a ao 
« aa 

; ‘ , sii 
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sin t=sin Z) cos h sec d sec L. (9) 


5. Determine GHA for the time of observation. 
6. Convert t to LHA, and compute longitude (A) by the formula 





\=GHA—LHA. (10) 3 
? If \ is greater than 180°, subtract it from 360° and label it I (east). 3 
rh . Formulas (8) and (10) yield a position on the circle of equai altitude regardless of 


- the value of Z used. The correct position is given only if the correct value of Z is used. 
Any of the three methods requires determination o, e. Two methods are proposed: 


In th - first, the time needed for the sun (or moon) to change altitude an amount 
-equal to its own diameter is measured. If the body is rising, the upper limb of the 
reflects. :mage is brought a short distance below the horizon. As it makes contact 
with the horizon, a stopwatch is started. When the lower limb makes contact with the 
horizon (usually between 127.8 seconds, the minimum for a stationary observer, and 
en minutes after the first contact) the watch is stopped, and the time is read to the : af 
nearest tenth of a second, if possible. If the body is setting, the lower limb of the 
reflected image is brought a short distance above the horizon and the watch started 
when. the lower limb makes contact and stopped when the upper limb makes contact 
with the horizon. At sunris~ or svnset no sextant is needed. Any lag in starting or 
stopping the watch will no. ‘ect the result if it is the same at both ends of the period. i 
The diameter of the body, in minutes of arc, divided by one-fourth the number of 
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. dh «. 2s ; : 
seconds is ae Since semidiameter is tabulated, the most convenient procedure for 


determining & is probably to solve the equation 
4 dh_8SD_ 
dt =T 
where SD is the semidiamete. of the body in minutes anc J is the time interval in 
seconds. The semidiameter is given to the nearest 0/1 in uhe Nautical Alamanac. 
. More accurate results will be obtained if the value is taken from the Ephemeris, where 
semidiameter is given to the nearest 0701. 
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The motion of the observer introduces an error which can be corrected as follows: 
multiply half the run of the vessel between upper and Jower limb contacts, expressed 
in nautica] miles, by the cosine of the angle between the course of the vessel and the 
azimuth of the celestial body at the mid time of observation. If this angle is less than 
90°, the correction is added to the tabulated semidiameter if the body is setting, and 
subtracted if it is rising. If the angle is greater than 90°, the correction is added if the 
body is rising and subtracted if it is setting. 

Some practic may be needed to obtain an accurate measurement of the time inter-| 
val. This practice might be obtained by making a number of observations at a known 
position and comparing these with values obtained by computation, using the formula 


T=8 SD cosh sec d sec L esc t, 


using He for h, i 

The time of an observation is at the middle of the interval between contects.| 
In correcting hs, the reading of the sextant, to obtain Ho, omit the correction for| 
semidiameter. This might be done by correcting in the usual manner, with an addi-| 
tional correction equal to the semidiameter. The additional correction is negaiive| 
(—) if the lower limb correction is applied, and positive (+-) if the upper limb correction 
is applied. Another way is to apply neither the lower nor upper limb correction, but 
a value ecual to the algebraic average of both. 
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The second method of determining is given as the more accurate of the two. 


It consists of observing three altitudes of the celestial body at exactly equal intervals 
of from 15 to 30 min’ --- A shorter interval may result in too great an error in rate, 
while a longer one increxses the time without advantage. If hy, h,, and hg are the three | 
altitudes and t, and ts are the meridian angles at the times of the first and third ob- 


5 . d} 
servations, respectively, dt can be computed by means of the formula 


Si=sin 4(hi—hs) cos 4(hy+-hs) csc 4(ti—ta) sec he. 


If difficulty is experienced in making an accurate observation at © given time, 
better results might be obtained by computing the time for the third observation, by 
adding the interval between the first two observations to the time of the second ob- 
servation, and then making several observations starting shortly before the computed 
time. These can then be plotted on cross-section paper with altitude as one coordinate 
and time as tue other. The altitude indicated by the intersection of the line represent- 
ing the required time and a line faired through the plotted points is used as the third 
altitude. A similar procedure might increase the accuracy of the first two observa- 
tions. A quicker but less accurate way of determining the third altitude is to taxe one 
observation shortly before the required time and another shortly after it, and interpolat- 
ing to find the altitude at the required time. Another variation is to take an altitude | 
at abovit the required time and adjust the second altitude to the corresponding value ! 
midway between the first and third observations, using the mean value found by i 
interpolating from the first or thi-d observation and extrapolating (art. 207, vol. II) | - 
from the other. The time and alti.ude are those of the second observation. | 
_ This method assumes no chang of declination between observations, and no change 
in the position of the observer. Wien the observer is not stationary, a correction is 
applied to h; and h, to convert tlem to the equivalent values at the position of the i - 
second observation. Assuming constant course and speed, this correction in minutes | 
of are is equal to the vessel’s run between consecutive observations multiplied by the ™.. 
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-cosine of the angle between the course of the vessel and the average azimuth of the 
‘body. If the angle is /ess than 90°, the correction is added to h, and subtracted from hg. 
Tf the angle is greater than 90°, the correction is sudtracted from h, and added to hg. 


A possible variation of either method of determining a would be to make a com- 


* paratively large number of observations (10 to 15) at short intervals and plot the 
altitudes versus time on cross-section paper. A point near each end of the line faired 
through the plotted points would then be corrected for the run of the vessel, as in the 
second method. Two points might then be selected, one near each end of the altitude- 
time line. The change in altitude, in minutes, divided by one-fourth thenumber of seconds 


hetween the two points is St. If preferred, three points might be selected at equal 


intervals and the formula of the second method used. 

Rate determined by two individual observations a few minutes apart would not 
be sufficiently accurate for practical navigation. 

None of the metheds employing rate of change of altitude have proved popular, 


probably because of the difficulty of obtaining an accurate value of a The 86 of azi- 


muth and rate of change of azimuth, altitude and rate of change of azznut, <r .zimuth 
and rate of change of altitude have been even less attractive because of the even 
greater difficulty of obtaining accurate measurements of azimrth or rete of change 
of azimuth. With the further development of automatic devices for continuously 
measuring altitude or azimuth, with allowance for motion of the observer, such methods 
might prove more attractive. 

2118, Use of unique situations.—Various unique situations might be used for 
determining position or a line of position. As a general rule these have not been attractive 
because they could be used only when the conditions were met. As an example, if a 
celestial body of known coordinates were known to be in the zenith, the declination of 
the body would be the same as the latitude of the observer. His longitude would be 
the same as GHA of the body (360°—GHA in east longitude). 

Near the geographical poles, the poles can be used as the assumed position. Here 
the declination of the body is the same as the computed altitude, and GHA replaces 
azimuth, 

Meridian altitudes (art. 2103) and latitude by Polaris (art. 2105) are examples of 
methods dep-uding upon unique situations. These have both been used extensively, 
but are decreasirg in popularity because of their reliance upon unique conditions, 
without adequately compensating advantages. 

Shchetkin. In 1899 N. O. Shchetkin proposed a method of computing latitude 
and meridian angle from measurement of the times at which two or more pairs of stars 
have the same altitude. Each star pair would provide, in effect, a single great-circle 
line of position. Variations of the method were proposed by Zinger, Pewzow, and 
W. W. Kawraisky, a Russian. The necessary tables for latitude 60°N to 80°N were 
published by the Astronomical Institute of Russia in 1936. A similar method was 
prepared by Simon Swahn in 1943. 

Collins. In 1946 Oliver C. Collins, an astronomer at the University of Nebraska, 
proposed a variation of the method of Shchetkin, and extended it to include observa- 
tions when. two celestial bodies have the same azimuth. 

McKee. In 1951 Lieutenant Merlin A. McKee, USMS, proposed a graphical 
solution of the same-altitude method of Collins. 

Pierce. About 1951 Rear Admiral M. R. Pierce, USN (Ret.), suggested a method 
of establishing a line of position perpendicular to the course line when the altitude of 
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a celestial body is observed at the moment it crosses the great circle through the ob- 
server and his destination. 

119. Graphical and mechanical solutions.—All of the methods described above 
require tables, either for a mathematical solution or to extract computed values of 
altitude and azimuth. The total number of possible tabular solutions must be very| 
great. The number of graphical and mechanical solutions is almost endless. The onesi 
selected for mention below are representative of the types that have been prepared: 
or made available. 

Graphical solutions are almost as old as tabular ones, having existed at least since 
1790, when Margetts’ Horary Tables sppeared in graphical form. These were intended: 
‘for shewing by Inspection the Apparent Diurnal Motion of the Sun, Moon, and Stars, . 
the Latitude of a Ship and the Azimuth, Time, or Altitude corresponding with any) 
Celestial Object.’ They were intended primarily for use with the longitude method! 
of laying down a line of position. 

in general, graphical and mechrnical solutions have not proved popular, for several 
reasons: First, they generally involve a small scale, yielding results of less accuracy 
than desired, even with careful work. Second. some of the methods must be used as 
a whole, and cannot be divided inte parts fo increase the scale. Third, such methods 
usually Co not provide a record of the solution, and it is often difficult to check tne! 
results. Fourth, solutions requiring instrunents are subject to errors due to lack of| 
proper adjustment or mechanical damage which may not be apparent. Fifth, the} 
required diagrams or instruments may be quite bulky, requiring considerable space 
for stowage and manipulation. Finally, in some cases the necessary instruments are 
expensive. 

2120. Altitude and azimuth angle by graph.—One type of graphical solution is 
by means of a diagram that solves an equation. 

d’Ocagne. Typical of such diagrams is that prepared by Maurice d’Ocagne, a 
Frenchman. Both altitude and azimuth angle can be found by means of this diagram, 
which is based upon the following formulas: 


hav z=hav (L—d)-+ {hav [180°—(L+d)]—hav (L—d)} hav t, 
hav (90°+d)=hav (L—h)-+ {hav {180°—(L-+h)]—hav (L—h)} hav Z, 
in which z=90°—h. 


The sides of a square are divided according to the haversines of angles, from 0° 
to 180°, and the corresponding graduations of opposite sides are connected with straight 
lines, forming a diagram as shown in figure 2120a. The graduations on the two sides 
run in opposite directions. To find the zenith distance, locate the value corresponding 
to (L—d) along the left of the diagram, and the value corresponding to (L+-d) along 
the right of the diagram. Draw a straight line through these poi. .3. Locate the inter- 
section of this line with the vertical line correspunding to meridian angle. A horizontal 
line from this intersection to the left edge indicates the zenith distance. 

To find azimuth angle, draw a straight line between (U—h) at the left and (L+h) ' 
at the right. Locate the intersection of this line and the horizental line corresponding 
to (90°—d). A verticul line from this intersection to the top of the diagram indicates 
the azimuth angle. 

Tf the altitude, latitude, and declination are known, the first solution can be made | 
in reverse for meridian angle, for a longitude method solution. 

The diagram was first published in 1899 in Traité de Nomographie by d’Ocagne. 
Similar diagramis have since been published under the name Spherval Triangle Nomo- | 
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Figure 2120a.—The d’Ocagne diagram. $ 
gram by Wimperis, and under the title Altitude, Azimuth, and Hour Angle Diagram : 3 
by Littlchales in 1906, and by the U. 5. Navy Hydrographic Office in 1917. * 
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Favé end Rollet de I’Isle-—If a perpendicular is dropped from the celestial body to > 
the celestial meridian, a diagram can be prepared to solve the basic formulas given in i. £ 
prep & i “| 
article 2111, or others derived from these. Such a diagram is shown in figure 2120b. oon ES 
This diagram was devised by the French engineers Favé and Rollet de l’Isle in 1892. ‘ $ rae 





The diagram represents only one-eighth of a sphere, additional sections being needed. An 

alternative is to show additional labels, as in figure 2120b. This results in three ‘‘cases” 

and several rules similar to those used with some logarithmic solutions. Solutions for 

both altituce and azimuth angle are made in two steps, plus one addition or subtraction. 

This diagram was reproduced by the Frenchman M. E. Pereire in 1894 and by another 

~ leeks Frenchman, P. Constan, in 1906 as a method of finding azimuth 

Jernes.—In 1953 Leiv Jernes, a Norwegian, invented a device he called a 

“Nauticator,” which consists of various scales in a semicircle with radial scales on a 

: plastic arm pivoted at the center of curvature of the semicircle. The device is used 

L. with a pair of dividers to solve various problems of spherical trigonoietry to an ac- 
a a ~ curacy of about 15’ 


Aah 


vhs lid 


it 
iy 


al 


“ 
iit ada Xa lua wo yt bd 
























































































































































LI 
14 


VI WY AVZN DELAY 


Ay 
CMV LALA 


‘ue . 1 
sabi aton Mik uduudacte dbety we Dienst ase a va aad 


mearnememom ann eninge wanna MORAN SILA ARAN ASI 


30 
100 = 110) 120) 130 40s: 150 
270 «260 250 240 230 220 210 200 190 


6 


B’=B +(90°—L) 
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Case 1. Land D same Name --t<90° 
Read f on scale IT 


Azimuth from upper pole, E or W as star is E or W of 
meridian 


Land D same name —t>90° 
Read (180° —t) instead of t 
Read (3 on scaler 


Azimuth from upper pole, E or W as star is E or W of 
meridian 


Land D opposite names 
Read f§ on scaleI 


Azimuth from lower fole, E or Was star is E or W of 
meridian 


Figure 2120b.—The Favé diagram. 
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Bertin. In 1955 Rev. Maurice Bertin, a Frenchman, devised a graphical solution { 
for the longitude method, using the formulas: 


‘Ad isha tan ult mala behaaths tania ah uae 


tan? ¥ t=tan % (90° — a) tan % (90° —8) (1) | 


tan % (90° — a) 
tan % (90° — 8) 


and tan? 4 Z= 


in which tan %¥ a=tan % (h+d) tan ¥% (90° —L) 


tan % (h — d) 


and tan ¥% b= Tan % (90° — L) 


The diagram censists of three families of straight lines, one vertical, one horizontal, 
and the third at an angle of 45° to the others. The accuracy depends upon the scale | 
of the diagram, but a large one is needed for navigational accuracy. 7 

2121. Altitude and azimuth angle by computer.—Slide rules, like diagrams, have | 
been devised to solve formulas. In the case of the navigational triangle, both suffer j. 
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from the need for a scale that can be read to a subdivision at least as small as 1’. A 
number of such slide rules have been devised for use in reducing celestial observations. 

Richer. In 1791 Jean Francisco Richer, a Frenchman, constructed a device com-~- 
posed of six arms, some hinged and some sliding, which won a prize offered by the 
Paris Academy of Science for a simple method of “clearing” lunar distances (art. 131) 
in the solution for longitude. The device solved a formula devised by the French mathe- 
‘matician Joseph Louis Lagrange, und was capable also of solving other problems 
involving spherical triangles, such as those relat-d to time sight solution (art. 2106), 
computation of altitude, and great-circle sailing -~~lems (art. 903). 

Poor. A slide rule invented by Professor Char. L. Poor is shown in figure 2121a. 
This device, called the “Line ot Position Computer,’ was designed to solve the cosine- 
haversine formule (art. 2109). Eight concentric circular scales are engraved on a metal 
disk about 15 inches in diameter. A plastic arm and circular sheet are pivoted at the 
center of the disk. The arm may be clamped to the plastic sheet. The seven outer 
scales are used in solving for alfitude. The altitude scale is graduated at intervals of 
10’, and further subdivisions can be estimated. The inner scale is used for determining 
zzimuth angle. Several rules are needed, and the number of scales adds to the possibility 


of error. 








Figure 2121a.—The Poor Line of Position Computer. 
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Bygrave. A cylindrical slide rule was designed by the Englishman Bygrave to solve 
the navigational triangle divided by dropping a perpendicular from the celestial body 
to the celestial meridian (fig. 2111). This device, shown in figure 2121b, consists of 
three concentric tubes. The inner one has a spiral scale of logarithmic tangents, the 
middle one a spiral scale of logarithmic cosines, and the outer cne a pointer for cach 
scale. Solution is simple and relatively fast, but altered procedures are required if the 
azimuth angle is near 90°, or the meridian angle or declination is very small. The 
overall dimensions are about 2% inches in diameter by nine inches long. An accuracy 
of about 1’ or 2’ is generally attainable. 

Bertin. In 1955 Rev. Maurice Bertin devised an 18-inch slide rule to provide a 
solution of the longitude method to an accuracy of about 1°, using the formulas upon 
which his graphical solution (art. 2120) is based. He also devised a solution of the 
same formulas by a circular slide rule consisting essentially of two spirals. The inner 
one is on a disk 23 centimeters (9.2 inches) in diameter, and the outer one is on an 
annular ring 39 centimeters (15.6 inches) in outside diameter. The graduations are 
proportional to the log cotangents of half-angles. A window on a cover is provided 
with a radial line to serve as an index. Solution is facilitated if an approximation of 
the answer is known in advance. An accuracy of better than 3’ is claimed for this 
device. Still another solution proposed at the same time is by a computer consisting | 
of a strip four centimeters (1.6 inches) wide and 12 meters (nearly 4¢ feet) long, wound 
on two rollers and engraved with three sets of graduations. An accuracy of better 
than 1’ is claimed, but several arithmetical steps are required. i 

LeSort. A computing device based upon solution of formulas for a divided navi- 
gational triangle was designed by Commander LeSort of the French Navy. Logarith- 
mic scales are placed on eight films wound on rollers. The films operate in pairs so | 
arranged that the two films of any pair can be locked together at any point. Alternate 
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Figure 2121b.—The Bygrave slide rule. 
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COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 605 


films carry log cosine and log tangent scales. Although an accuracy of about 6/2 can 
be obtained, the method is comparatively long and has no apparent advantage over 
modern inspection tables. 

Desk computers. Several desk-type computers have been designed to solve the 
navigational triangle. 

2122. Altitude and azimuth angle by map projection.—If the observer were to 


* move along his meridian to the nearer pole, and the navigational triangle were to 


move with him without its proportions being changed, his zenith would coincide with 
the pole, and the vertical circle would coincide with some celestial meridian. Zenith 
distance or altitude could be read directly. Since both great circles forming the 
azimuth angle would now coincide with celestial meridians, the azimuth angle could 
also be determined directly. 

Littlehales. To accomplish this with a sphere, to a useful accuracy, would require 
a sphere of impractical size for use by the navigator. However, the solution can be 
made by means of a map projection. George Littlehales, of the U.S. Navy Hydro- 
graphic Office, used the stereographic projection (art. 318) and a 12-foot sphere for 
this purpose. The projection is divided into 368 overlapping sheets which, with a key 
diagram, are bound together. An accuracy of about 1’ or 2’ can obtained by a rapid 
and simple process, but the volume is bulky and not particularly convenient. 

Veater. Commander Veater of the British Royal Navy used the transverse Mer- 
cator projection (art. 309), with the observer's meridian as the fictitious equator. 

Hyatt. A similar principle is utilized in the diagram on the plane of the celestial 


* meridian (art. 1432). A mechanical device based upon this diagram can be made by 
_ drawing a hemisphere by equatorial orthographic (art. 319) or stereographic projection 


and pivoting at its center an identical hemisphere on transparent material. If the top 
hemisphere is rotated until the arc between poles of the two hemispheres is equal 
to the colatitude of the observer, the lines of one hemisphere represent coordinates of 
the celestial equator system (art. 1428), and those of the other, c-ordinates of the 
horizon system (art. 1430). Thus, if a body is located by meridian angle and declina- 
tion on one sct of lines, its altitude and azimuth angle can be read from the other set. 
If altitude and declination are used to locate the body, meridian angle can be read from 
the diagram. In the United States such a device, on both the orthograpuic and stereo- 
graphic projections. has been prepared by Commander Delwyn Hyatt, USN, under 
the tit!-. “Celestial Coordinator” and “Coordinate Transformer.” It has also been 
produced in other countries, notably in Germany, France, and Russia, where, in addi- 
tion to such a device, precision instruments vased upon the same principle have been 
constructed. The scale of the German instrument is so small that an accuracy of about 
5’ is about the best thet can be expected. The Bastien-Morin (French) and Kavroyskyy 
(Russian) instruments might yield results of slightly greater accuracy. The plastic 
device, if carefully made, might be generally accurate to half a degree. It has been 
used primarily for instructional purposes. 

Brown-Nassau. The Brown-Nassau “Navigational Computer” utilizes the same 
principle, but uses the azimuthal! equidistant projection (art. 320) and increases the 
scale by limiting the device to an octant of the sphere, with separate solutions for alti- 
tude and azimuth, and various rules. 

True. In his Celestial Navigator for Aviators, printed about 1943, Clarence H. True, 
of the Canal Zone, uses a single diagram on the orthographic projection. This serves as 
the basis for a solution by construction, claimed to be of sufficient accuracy for use in 
lifeboats. Various rules are needed. 
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Pierce. A series of diagrams on the azimuthal equidistant projection have been | 
devised by Rear Admiral M. R. Pierce, USN (Ret.). The method is based upon the | 
principle that angles are correctly represented at the point of tangency of this projection, | 
and radial lines from this point represent great circles along which distances are repre- i 
sented by a uniform scale. A protractor is used for measuring the azimuth angle. At- | 
tached to the protractor is an arm with o linear scale graduated so that altitude can: 
be read directly. The whole device is called a ‘““Cadameter.’’ The method is easy to use, 
and about as fast as modern inspection tables. With great care an accuracy of 1’ can be 
obtained. The method suffers from the need for a number of diagrams which are some- 
what bulky and more susceptible to damage than a book. 

2123. Latitude and longitude by diagram.—A number of graphical and mechanical 
solutions have been devised to yield latitude and longitude directly. 

Beij. One proposed in 1924 by K. Hilding Beij, of the U. S. Bureau of Standards, 
was based upon the fact that latitude and local sidereal time are completely defined by 
the simultaneous altitudes of two celestial bodies whose declination and SHA are 
known. A page of his proposed diagrams is shown in figure 2123a, in which latitude is 
the abscissa, and LST is the ordinate. Position on the graph is located by the inter- 
section of the curves representing the altitude of the two celestial bodies observed. The 
vertical line through the intersection indicates the latitude, and the horizontal line the 
LST. The difference between GST and LST is the longitude. If a timepiece keeping 
GST is available, not even an almanac is needed. 

The method is accurate, fast, and direct. The individual sheets can be drawn to 
any scale and cut to any size desired. For a larze scale with sheets of a convenient 
size, a great many diagrams would be needed, but these might be bound together in 
convenient-size volumes, or placed on a tape wound around rollers, as originally pro- 
posed. A weakness of the method is the requirement for simultaneous observations. For 
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Ficcre 2123a.—The Beij two-star diagram. 
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nonsimultaneous observations a table might be provided to indicate the change in 
altitude during the interval between observations. Since the positions of the curves 
j ; depend upon the declination and SHA of the body, the method is limited to celestial 
. bodies whose coordinates are nearly constant, unless the curves are intended only for a 
* particular time. Even for stars, the diagrams become out-of-date in a few years. The 
method is limited to the particular bodies for which curves are shown, although the 
number of curves need not be limited to two. This is a form of precomputation. since ' 
the computation is performed in locating the curves, rather than by the navigator. . 
In a sense, it might be considered a graphical form of Pub. No. 249 (art. 2113). 
Weems. If the Beij diagram is rotated through 90°, the parallels of latitude be- 
come horizontal, as customary on a chart. If they are spaced according to the Mercator 
projection, azimuth is indicated by the norrnal to a curve. This is the arrangement 
~ used by Captain P. V. H. Weems, USN (Ret.), in his Star Altitude Curves, the first 
volume of which was published in 1928. Later he added a third ster, using a different 
color for each star, and included a correction for refraction at sea level. A separate 
volume is used for each 10° of latitude, and a correction is provided for precession of 
the equinoxes. Coverage extends from latitude 50°S to 70°N, with a separate volume 
for latitude 70°-90°N. The curves for 80°-90°N are on the polar stereographic pro- 
jection. Any orthomorphic projection (art. 302) could be used at any latitude. 
Lines representing observations at different times can be advanced or retired as 
a en * on any chart of the same projection. In addition to the adjustment due to motion of 
: the craft between observations, the lines are shifted right or left for the elapsed time 
between observations. An accuracy of about 1’ is attainable by interpolation between 
curves for each 10’ of altitude. 
a The star altitude curves are undoubtedly the most widely used of all the graphical 
E and mechanical methcds. Two-star curves similar to Weems’ first edition were pub- 
a lished in Germany in 1940. 
ye Pritchard and Lamplough. In 1940 H. C. Pritchard and F. E. Lamplovgh, of the 
British Royal Aircraft Establishment, devised a method of reducing the work in- 
volved in the adjustment for elapsed time between observations. They placed the 
star altitude curves on film which is used in a projector called an astrograph. The 
curves are projected onto a Mercator plotting sheet and can be moved across it to allow 
for rotation of the earth. The adjustment is critical, the setting of the projector some- 
what involved (a special “astrograph mean time” being needed), and a buiky and ex- 
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pensive projector is needed to prevent distortion. Because of these disadvantages and | S 
the fact that any advantage over short tabular methods is slight, the astrograph j 2 
decreased in popularity following World War II. 13 3 

Longley. In 1943 Flight Lieutenant C. D. N. Longley, RAF, suggested a “Star i 2 
Computer” based upon the principle of the astrograph. A circular disk serving as a “4 2 


base plate would have a mean time scale around its circumference. Altitude curves \ : 
of a limited number of stars would be printed on a template for each latitude. The : = 
= circumference of each template would also carry a mean time scale. A radial cursor 
would aid in reading the device, which is set by means cf the GMT at which LHAT 
is 0° at some convenient longitude, the time of observation, and observed altitude. 
' Longitude is determined within a 10° band, the ambiguity being resolved by means of 
l the dead reckoning position. With a modification of the procedure, the device can be 
: : : used with the altitude method. 
Baker. As early as 1919 Commander T. Y. Baker, RN, prepared altitude curves 
and their orthogonals (normals) on transparent tape which is wound on rollers in the bn 
diy + “Baker Navigating Machine” (fig. 2123b). The transparent tape is moved across a 
Mercator plotting sheet, being oriented by means of a time scale set with respect 
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FigtrE 2123b.—The Baker Navigating Machine. 





to a meridian. The line of position is transferred to the plotting sheet by means of | 
carbon paper. A single tape has curves for several stars, and a separate tape for each 
4° of declination from 24°N to 24°S permits use of the device with the sun and other 
bodies of the solar system. A rule attached to the machine (shown at the top of fig. 
2123b) provides a correction for declination differing from that of the curves. 

Weems. In 1955 Captain P. V. H. Weems, USN (Ret.), prepared a somewhat i 
similar device called a “Polar Computer,” using his star altitude curves. 

Leick. In 1911 Dr. A. Leick, 2 German, prepared a diagram by which latitude 
and LST could be obtained by altitudes of Polaris and one other star. The diagram 
can be used for finding the correction to apply to the altitude of Polaris to determine 
the latitude, and then to find the LST in a second step. 

Favé. In 1901 Favé devised a graphical solution based upon the Marcg St.-Hilaire j 
principle (art. 2108). A chart on the stereographic projection (art. 318) is used. Tabies 
of computed altitude and azimuth for the point of tangency are needed. The chart is f 
on transparent material. An additional sheet has a set of arcs of circles, with a straight 
azimuth line drawn normal to them. The chart is placed over the curves with the straight | 
azimuth line through the point of tangency and oriented in the direction of the celestial { 
body. A large circle on the chart assists in this orientation. The chart is then moved 
along the azimuth line until the curve representing the computed altitude at the point 
of tangency is under that point. The curve representing the observed altitude is then ___ 
correctly placed and a segment of it can be traced on the chart. However, due to chart | 
distortion, error is introduced in this way. It can be removed by means of a nomogram | ~ - 
which indicates the correct curve to use. A mark is placed on the chart at the inter-; ¢ 
section of the azimuth !ine and the curve representing the observed altitude. The chart ' 
is then moved along the azimuth line a second time until the correct curve is in place, 
and the arc is traced. This process is repeated for each celestial body observed. For | 
stars, a one-page set of curves can be used instead of tables for determining altitude 
and azimuth at the point of tangency. Favé recommended use of five separate charts 
with points of tangency at 0°, 30°, 45°, 75°, and 90°, respectively. Each chart 
could be used as a plotting sheet for any longitude at the same latitude, requiring 
computed altitude and azimuth for only five places. Favé later put his method into ~ 
instrumental form and used a special protractor and curved ruler. 
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Brill. In 1908 Dr. Alfred Brill, a German, invented a device based upon the same 
principle used by Favé, as shown in figure 2123c. In this device the plotting sheet 
is on the azimuthal equidistant projection (art. 320) and covers about 10° of latitude. 
Two sets of curves on separate sheets of tracing cloth are mounted below the plotting 
sheet. A handle turns the plotting sheet to the correct azimuth. 

Voigt. The same principle used by Favé and Brill was used in the Voigt “Orion” 


_ instrument constructed in Germany in 1911. A plotting sheet on the azimuthal equi- 


distant projection is engraved on aluminum. Each of the three plotting sheets, centered 
on latitudes 42°, 50°, and 55°, respectively, covers a spread of 10° of latitude. The 
line of position is drawn by means of a flexibie ruler mounted on a bridge that can 
be clamped at any position over the plotting sheet. The curvature is controlled by 
means of gears, a seale being provided to indicate the correct value. 

Vucetic. In 1921 a device called a “Toposcope” was prepared by Vucetic, a French- 
man. The device is identical with the Brill instrument except that a single set of curves 
is prepared and these are cut through the material as slots, and placeu over the top of 
the plotting sheet. 

Littlehales in 1918 suggested a method similar to that of Favé, but with a poly- 
conic projection (art. 315). 

Kahn. In 1928 Louis Kahn, a French naval architect, proposed that a set of navi- 
gational charts be prepared on the cblique Mercator projection (art. 310), a separate 
chart being provided for the great circle between various places on the earth. On each 
chart the small circles on the earth directly below the parallels of declination (that is, 


, the daily paths of the geographical positions) of various navigational stars would be 
* shown. These circles would be graduated in Greenwich sidereal time, so that the GP 


at any GST would be indicated. The distance from any assumed position to the GP 
at the instant of observation would be the zenith distance, and the direction of the line 
would be the azimuth. By comparing the observed «enith distance with that at the 
assumed position, the navigator could obtain the aliitude difference, and plot the line 
of position. The common intersection of two or more such lines of position, advanced 
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Frevre 2123c.—The Brill device. 
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or retired to a common time if necessary, would define the position of the observer. 
The method would be limited to zenith distance within the range of the chart. A later¢ 
version would produce greater accuracy, but with a little more trouble in making the! 
measurements, by substituting the gnomonic projection (art. 317) for the oblique! 
Mercator projection. 

Dusinberre. In 1944 Lieutenant Commander H. W. Dunsinberre, USN, suggested | 
a method using star diagrams. A diagram for each 1° of latitude and 1° of LHA 7 
would be provided. Each diagram would consist of a series of radial lines extending 
in the directions of the prominent stuxs favorable for observation. The 22 stars of 
H.O. Pub. No. 218 (art. 2113) were suggested. Until changed by precession of the 
equinoxes (art. 1419) the common origin of these lines would represent a definite 
altitude for each star. The altitude at the next higher whole degree or half degree, 
adjusted for refraction, would be indicated by a tick on the appropriate azimuth line. 
After observation, a transparent plotting board would be properly oriented over the 
appropriate star diagram, using LHA ‘f and adjusting for the run between observations. 
The line of position would then be drawn at the correct point, perpendicular to the 
azimuth line, using the tick as a guide. An LHA computer was proposed for deter- 
mining LHA 7 at the time of each observation from a single LHA f fer a time near, 
the start of acti set of observations. When all lines of position were plotted, the fix). 
would be transferred to the chart or piotting sheet. 

2124. Solution by sphere.—Solution of a spherical triangle directly on a spherical 
surface, or by means of arcs representing great circles on the surface of an imaginary 
sphere, must have occurred to men qui‘e early. Pictures uf ancient navigators surrounded 
by their instruments and accessories invariably show a sphere. Solution by sphere is 
still suggested from time to time. Although this method is relatively simple and easy, 
the problem of scale is even more acute than in the graphical solutions. 

Spherical methods can be ciassified in three groups: (1) those which solve the 
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navigational triangle for a single line of position, (2) those which solve two or more | 


observations for a fix, and (3) those which combine observetion and solution for a fix. 
The first group constructs the navigational trianz.e with arcs of great. circles. 
Essentially, such a device consists of three arcs. Tue one reoresenting the celestial 
meridian is usually fixed and a part of the frame. The base to which it is attached usually 
carries the azimuth scale. Movable arcs ar~ provided .or the vertical circle and the hour 
circle. If the latitude, meridian angle, and declination :.re properly set, the three urcs 
form the navigational triangle, and altitude an: azimuth angie can be read from their | 
scales. If altitude is used for constructing the *_iang!z, meridian angle can! e read from | 
the instrument for a longitude solution. j 
Willis. A large number of teaching aids has been based upon tnis design or one of | 
the many possible variations of it. Several precision instruments have been ‘proposed or } 
actually constructed. In 1932 such an instrument designed by Edward J. Willis, an | 
American engineer, was constructed in Scotland. The marine version, weighing about ; 
27 pounds, is graduated to 1’; and the aerenautical version, weighing between seven 
and eight pounds, is graduated to 5’. The longest dimension of either version is 11 
inches. 
Japanese Navy. During World War II, the Japanese Navy used an ‘astrument 
virtually in the form described above. Results were accurate to approxima: :y 1’. : 
McMillen. Of the various methods of determining a fix by sphere. the most ob- : 
vious is that of providing an actual sphere as a plotting s:.rface, wit? provision for : 
striking arcs equal to the zenith distances, using the geographical positions of the 
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celestial bodies as centers. In 1943 such a method was proposed by D. A. McMillen, a oe 
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United States businessman in Sado Paulo, Brazil. His sphere, of a little more than 14 
inches in diameter, had a scale of 8° (480 nautical miles) per inch along a great circle. 

Hiltner. In 1945 Dr. W. F. Hiltner, a professor at Lehigh University, suggested a 
similar method using ares of spheres and a billiard ball. This in effect, sets up «wo 
navigational triangles, locating the observer at the common zenith of both triangles. 
Simultaneous observations are needed. 

U.S. Navy Training Device Center. About the same time, the Training Device 
Center of the U. S. Navy prepared a device called the “Sphereman Craft Positioner,” 
combining the functions of the devices of both McMillen and Hiltuer, and providing a 
plotting surface for dead reckoning. A line of position from a singie observation can 
be drawn on the 17-inch aluminum globe, or the triangle of position from the observa- 
tion of three stars can be mechanically set up. Provision is made for advancement or 
retirement of lines due to motion of the craft. The device was intended for training 
purposes. 

Zerbee. In 1951 Louis J. Zerbee, of Bellfontaine, Ohio, proposed a device similar 
to that of Hiltner, but without the billiard tall. His instrument was called the “Zerbee 
Celestial Fix Finder.” Like the Hiltner device, that of Zerbee makes no provision 
fo1 aonsimultaneous observations (unless cne of them is corrected to the value it would 
have if observed simultaneously with the other) or for a check by observation of addi- 
tional bodies. Observations of bodies near the meridian or taken from high latitudes 
cannot be accommodated. 

Combined sextant and computer. At least as early 1s 1895 an attempt was made 
to combine in a single instrument the functions of sextant and computer. Such instru- 
ments are fv, .amentally the same as those described above, except that they ure set 
by alignment with one or more celestial bodies. if the instrument is level and ac- 
curately atigned with the meri sar at the time of observation, the miniature sphere is 
oriented to the celestial sphere and the earth. If both the altitude and azimuth are 
used, a fix can be obtained by means of a single celestial body. If two bodies are ob- 
served simultaneously, accurate directional reference by compass is not needed. 

The weakness of such methods is the need for a stable platform and either accurate 
directional reference or the need for observing two bodies simultaneously. 

Beehler. In 1895 Lieutenant W. H. Reehler, USN, invented an instrument he 
“alled the ‘Solarometer,” which was designed to furnish a position from observation 
of the sun. It requires a heavy cast iron base rigidly attached to the ship, with a bowl 
set in gimbals and filled with mercury. A float resting on the mercury carries the sighting 
instrument. 

Hagner. In 1936 Fred Hagner, of San Antonio, Tex., invented a similar insfru- 
ment he called the ‘““Hagner Position F'nder.” This is a portable instrument operating 
on the same principle as the Solarometer, but obtaining the vertical by being hung from 
a suitable support, and therefore acting as a pendulum. This is reminiscent of the 
ancient asirolebe (ari. 124). 

Bedell. In 1953 A. L. Bedell, of St. Louis, Mo., proposed an instrument based 
upon simultaneous observation of two celestial bodies. The horizontal would be defined 
by spirit level. 

2125. Azimuth.—Most of the methods described above provide for determination 
of both aititude and azimuth angle. Several provide only for altitude. The number 
of tables, diagrams, and devices providing solution for azimuth only is very great, 
approaching the number proviaing solution for both altitude and azimuth. The reason 
for this is that azimuth is needed for other purposes than sight reduction. One common 
use is for checking the compass. Since modern inspection tables have provided paraliel 
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columns of computed altitude and azimuth or azimuth angle, separate azimuth tables} 
have decreased in popularity. 

Azimuth can be determined by computation or by amplitudes (tab. 27, 28), as/ 
well as by azimuth table. The method of computation depends somewhat upon the | 
information available. There are three general approaches: 

Time azimuth is the name given an azimuth or azimuth angle computed with' 
meridian angle (x function of time), latitude, and polar distance (or declination) as the 
known quantities. 

Altiiude azimuth is an azimuth or azimuth angle computed with altitude, latitude, 
and polar distance as the known quantities. 

Time and altitude azimuth is computed with meridian angie, declination, and 
altitude as the known quantities, the most common formula being 


sin Z=sin t cos d sec h. 


The weakness of this method is that it does not indicate whether the celestial body 
is north or south of the prime vertical. Usually there is no question on this point, but 
if Z is near 90°, the quadrant may be in doubt. if this occurs, either the meridian 
angle or altitude when on the prime vertical can be determined from table 25 or by! 
computation, using the formula 


cos t=tan d cot L 
or sin h=sin d ese L. 


If the altitude is less, or the meridian angle is greater than the value when the body is 
on the prime vertical, the azimuth angle should be labeled N or S to agree with the 
latitude. If h is greater or t is less than when on the prime vertical, Z should be given 
the contrary name (N or S) to that of the latitude. 

Amplitudes. For checking the compass, a low altitude is desirable because it can 
be measured easiest and most accurately. If a celestial body is observed when its 
center is on the celestial horizon, the amplitude (art. 2029), which is tie arc on the 
horizon between the prime vertical and the body, can be taken directly from table 27. 

2126. Azimuth tables are numerous. Originally, they were designed primarily for 
use in determining compass “rror. Since the sun was the celestial body customarily 
used for this p.rpose, most of the ,. sles were designed with the sun in mind. Meridian 
angle is commonly expressed in terms of local apparent time, in intervals varying from 
about one to 20 minutes. In many of the tables, meridian angle increases upward from 
the bottom of the page. 

The following are some of the principal azimuth tables: 

Wakeley. The first known azimuth tables for use of the navigator were The Regi- 
ment of the Pole Star by Andrew Wakeley. These tables were part of the author’s The | 
Mariner's Compass Rectified, published in London in 1665. These tables show the i 
“true hour of the day” at which the sun is at the various points of the compass. 

Lynn Azimuth Tables, by Thomas Lynn (art. 2106), were published in 1829. 
This 364-page table gives azimuth angle computed by the haversine formule of article 
2106. 

Towson and Atherton. ‘The Tables to Favilitate the Practice of Great Circle Sailing, | 
by the Englishmen John Thomas Towson and J. W. Atherton, were designed primarily | 
for great-circle sailing, but since they indicate the coufse, they were casily adapted to | 
finding azimuth angle. They were published in England in 1847. 
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Burdwood. The Tables of Sun’s True Bearing or Azimuth, by Staff Commander 

John Burdwood, RN, were first published in 1852, with additional parts being added 

“in 1858, 1862, 1864, and 1866. Captain John EB. Davis, RN, and Percy L. H. Davis, of 

the British Mautical Almanac Office, later added to the tables, making them complete 

- for all values of altitude and for declination between 64°N and 64°S. These tables 

were standard in Great Britain for more than a century. Thoy have now been largely 

replaced by H.D. 486 (Pub. No. 214) for mariners and A.P. 3270 (Pub. No. 249) for 
aviators. Burdwood used modifications of the time azimuth formula. 

Labrosse. Azimuth tables by the Frenchman F. Labrosse were published in London 
in 1868, and later in Paris. In 275 pages this Table des Azimuts du Soleil covers latitudes 
from 61°N to 61°S, and declinations from 0° to 30°N or S. The following formula was 
used: 

__tan d cos L 


cot Z sin t 


—sin L cot t. 


Fifteen editions had been published by 1920. 

Shortrede. In 1869 Captain Robert Shortrede’s Azimuth and Hour Angle for 
Latitude and Declination and Tables for Finding Azimuth at Sea were published in 
London. 

John E. Davis. The first azimuth tables by Captain John E. Davis were published 

- in 1875. These were published ag an extension of the Burdwood tables. 
Perrin. In Paris the Nouvelles Tables Destinées a Abréger les Caleuls Nautiques, 
_ by Ensign de Vaisseau E. Perrin, French Navy, were published first in 1876. These 
consist of three tables of nine, seven, and six pages, respectively, providing elements for 
determination of azimuth by a short computation. Several editions were published. 

Kortazzi, 2 Russian, produced a votume appropriately called Modification des 
Tables d’ Azimuth de Thomson (art. 2106). These were published in Paris in 1880. 

H.O. Pub. No. 66 (Schroeder and Wainwright), Arctic Atimwh Tables. Lieu- 
tenants Seaton Schroeder and Richard Wainwright, USN, prepared azimuth tables for 
use of the USS Rodgers in her search for the arctic steamer Jeanette. These were published 
in 1881. Azimuths to the nearest 1’ are given for each 10" meridian angle between 4° 
and 7", for latitudes between 70° and 88°, declination 0° to 23°, same name. 

Decante. In 1882 Lieutenant de Vaisseau E. Decante, of the French Navy, pre- 
pared Table du Cadran Solaire Azimutal, which was published in 1904, in eight volumes 
for latitudes 1° to 66° and declinations 0° to 48°. 

Pub. No. 260 (Schroeder and Southerland). The Azimuths of the Sun were prepared 
in 1882 by Lieutenant Seaton Schroeder, USN, and Master W. H. H. Southerland, 
USN. These are popularly called ‘Red Azimuth Tables,” because of the red binding 
used for most printings. This designation distinguishes them from the “Blue Azimuth 
Tables’? (Pub. No. 261). After 15 editions, these tables are still in use. Azimuth angles 
are given to the nearest 1’, at 10™ intervals of local apparent time from “sunrise” to 
“sunset” (middle of the sun on the celestial horizon), with the LAT and the azimuth 
angle of these phenomena given at the bottom of each column. A separate table is given 
for each 1° of latitude from 6° to 70°. The first part of the book is a table for latitude 0°. 
The second part is devoted to tables of latitude and declination ‘same name.’ The 
third part gives “contrary name” tables. Declination entries are given at 1° intervals 
from 0° to 23°, with the approximate dates on which this is the declination of the sun. 
Extracts from these tables are given in volume II. Values are customarily taken by 
triple interpolation, using the right-hand ‘pa’? LAT column as meridian angle. 
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Blackburne. The New Zealand nautical almanac for 1883 carried the 177-page 
“A and B” azimuth tables, by ..S. Blackburne. By 1911, after several modifications, 
these emerged as “A, B, C” “ables for Azimuth, Great Circle Sailing, and Reduction lo; 
the Meridian. The range of both the latitude and declination is from 90°N to 90°S. | 

Lecky. In 1892 Captain S. ‘1. 5. Lecky, an Englishman, modified the Blackburne! 
tables and produced another set of “A, B,C” tables which have been widely used. | 

Ebsen. The Azimut-Tabellen of Talus Wbsen, published in Germany in 1896, uses} 
the same formula as Labrosse, and is arranged like Pub. No. 260, except that azimuth - 
angles are given to the nearest 0°1, and the time and azimuth angle of sunrise and 
sunset are given at the top of the table, in place of the dates of Pub. No. 260. In two. 
volumes, coverage is for latitudes 72°N to 72°S, and declinations 0° to 29°. Tables, 
are for same name only, contrary-name situations being handled by using the supple- | 
ment of meridian angle, and using the supplement of the value taken from the table, . 
as in Pub. No. 261. i 

Johnson. A Combined Time and Altitude Azimuth Table for lativudes and declina- 
tions from 0° to 80°, by A. C. Johnson of the British Royal Navy, was published in 
London in 1900. In the same year, his Short, Accurate, and Comprehensive Altitude- . 

zimuth Tables were published. This publication consists of three tables for computa- . 
tion of azimuth for each degree of latitude aud altitude from 0° to 75°, and each degree ; 
of declination from 30°N to 30°S. 

Zhdanko. The Russian Tables of Azimuth of the Sun, by M. Zhdanko, -iblishied 
in 1900, supplied computed azimuth angles for latitudes between 61° and 75°. These 
were later expanded by Yustchenko. 

Percy L. H. Davis. In 1900 Percy L. H. Davis took over the work previously 4 
done by Burdwood and John E. Davis, continuing to improve and extend the tables. 

Pub. No. 261, Azimuths of Celestial Bodies, published by the U. S. Navy Hydro- 
graphic Office in 1902, extend the Pub. No. 260 tables by providing information in 
similar form (but with meridian angle increasing downward on the page) for declinations | 
24° to 70°. These are popularly called ‘Blue Azimuth Tables,” from their blue binding. } 
Tables for “same name” only are given. If latitude and declination are of contrary 
name, the tables are entered with the supplement of the meridian angle. The value 
taken from the table is then the supplement of the azimuth angle, which is labeled 
N orS to agree with the latitude and E or W to agree with the meridian angle. Extracts 
from Pub. No. 261 arc given in volume II. 

Symonds. The Nautical Astronomy, with New Tables, by W. P. Symonds, British | 
Survey Commissioner, Bombay, includes azimuth tables. It was published in 1912. | 

Goodwin. An Equatorial Azimuth-Table, by H. B. Goodwin, was published in 1921. | 

Purey-Cust. Azimuth by Logs, by Admiral Sir H. E. Purey-Cust, RN, was pub- | 
lished in England in 1929. It consists of a three-page table of the logarithms of the | 
six principal trigonometric functions at 16’ intervals (5’ below 10°) for solution of the 
time azimuth and altitude azimuth formulas. i 

Yustchenko. In 1935 A. Yustchenko, a Russian, extended the Z.danko tables 
to all latitudes, in the work entitled Azimuty Svetl (Azimuths of Celestial Bodies). 
For each 10° of latitude (5°, 15°, 25°, etc., to 85°) complete azimuth tables (to the 
nearest 0°1) are given for each 1™ of meridian angle and each 30’ of declination from 0° 
to 30°. At the bottom of each page are given corrections for 1° of latitude. This value 
is multiplied by the number of degrees between the actual latitude end the latitude 
for which the table was computed. 

Cugle. Cugle’s Two-Minute Azimuths, by Charles II. Cugle, were printed in 1935 
in two large volumes. Coverage is for latitude 0° to 65° and declination 0° to 23° 
The arrangement is almost identical with that of Pub. No. 266, except that meridian 
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angle increases downward on the page. The number of entries is multiplied by jive, 
values being given for each 2™ of meridian angle. 

Table 902. Azimuts, published in Paris in 1958, with the concurrence of the Marine 
Hydrographic Service, contains azimuth angles to the nearest 0?1 for each whole 
degree of latitude from 70°N to 70°S, each whole degree of declination from 0° to 
30°, and each 10™ of meridian angle. The arrangement is similar to that of Pub. No. 
260, except that meridian angle increases downward on the page. 

2127. Azimuth diagrams have appeared in various forms, in addition to the general 
graphical and mechanical solutions discussed above. A graphical solution is generally 
more acceptable for azimuth than for altitude, because the accuracy requirement for 
azimuth is usually less. 

Godfrey. A graphical solution has been available at least since 1858 when the 
Time Azimuth Diagram of Hugh Godfrey was published in London. 

Weir. The Asimuth Diagram devised by Captain Patrick Weir, of the British 
Merchant Navy, was published in London in 1890, and by the U.S. Navy Hydrographic 


* Office in 1891, under the title Time Azimuth Diagram. 


Molfino. {n 1901 the Nomograma degli Azimut del Sole of Molfino was published. 

Constan. In 1906 P. Constan’s Tables Graphiques @’Azimut were published in 
Paris. This vas a reproduction of the graph of Favé and Rollet de Isle (art. 2120). 

Alessio. The Diagrammi Altazimutali of A. Alessio was published in 1908 in Italy. 

Rust. In 1908 the diagram of Lieutenant Commander Armistead Rust, USN, 
(art. 2106) was published. This diagram was later used by Goodwin (art. 2106) and 
Weems (arts. 2106 and 2110), and in the Italian Tavole H (art. 2110). 

Cornet. The Graphique @’ Azimut of Cornet was published in 1927. 

Romanovsky. About 1933 A. A. Romanovsky, a Russian, devised a simple nomo- 
gram for determining azimuth. 

German Oberkommandos der Kriegsmarine. A large volume called Azimut- 
diagramme, containing sets of diagrams for each whole degree of latitude (2° beyond 
80°) for all azimuth angles and for all altitudes to 80°, was published by the German 
Oberkommandos der Kriegsmarine in 1944. 

Hugon. The azimuth diagram of Professor P. Hugon (art. 2109) was published 
in 1947. 

Hilsenrath. About 1948 Joseph Hilsenrath, of the University of Maryland, pro- 
duced a mechanical device for solving azimuth angle by the method of Weir’s diagram. 

2128. Summary.—The methods of sight reduction discussed in this chapter 
are undoubtedly only a small fraction of the number of methods that have been pro- 
posed. They are considered representative of the effort that has been made to reduce 
the work of the navigator. Individual preferences have Jargely dictated the use of 
the various methods. Presentation and description of a method have been important 
factors in the relative popularity of various methods. 

There is no single “best”? method for all circumstances and all navigators. The 
one which produces the desired results easiest and with least possibility of mistake is 
the one that should be selected. However, two practical precautions should be observed. 
First, one should be thoroughly familiar with the limitations or weaknesses of the method 
he selects. Second, a prudent navigator will never limit himself to a single method, 
particularly one requiring a special table that might some day be unavailable, or a 
device that is subject to mechanical damage or loss. The slight bending of an are 
might be too insignificant to be noticed, yet might introduce intolerably large errors in 
the result. A wise practice is to memorize, or write on something always carried, 
fundamental formules that can be used when no “special” tabies are available. 


RRA NN 


1 ane ARN AIH 


eS SL LCE LCL ALT LRN NEA AA MEISEL IAM MRSA MA a MSL AY PE MANE MAINO NNR 9 YG 





c 
ft Manoa ma MOEA taste ne 














Era 








HU might 
Penne 






















































































CHAPTER XXII 
IDENTIFICATION OF CELESTIAL BODIES 


2201. Introduction A basic requirement of celestial navigation is the ability © 


to identify the bodies observed. This is not difficult because relatively few celestial 
bodies are commonly used for navigation, and various aids are available to assist in 
their identification, as explained in this chapter. 


Many navigators consider it a matter of professional pride to have a more extensive - 


acquaintance with the heavens than required by the relatively simple demands of 
navigation. 

2202. Bodies of the solar system.—No problem is encountered in the identification 
of the sun and moon. However, the planets can be mistaken for stars. A person working 
continually with the night sky recognizes a planet by its changing position among 
the relatively fixed stars. He identifies the planets by noting their positions relative 


to each other, the sun, the moon, and the stars. He knows that they remain within ; 
the narrow limits of the zodiac (art. 1420 )but are in almost constant motion relative | 


to the stars. The magnitude and color may be helpful. The information he needs is 
found in the Nautical Almanac. The “Planet Notes” near the front of that volume 
are particularly useful. 

Sometimes the light from a planet seems steadier than that from a star. This 
is because fluctuation of the unsteady atmosphere causes scintillation or twinkling of 
a star, which has no measurable diameter with even the most powerful telescopes. 
The navigational plancts are less susceptible to twinkling because of the broader 
apparent area giving light. 

Planets can also be identified by planet diagram (art. 2209), star finder (art. 2210), 
sky diagram (art. 2212), or by computation (art. 2213). 

2203. Stars.—-The average navigator regularly uses not more than perhaps 20 
or 30 stars. The Nautical Almanac gives full navigational information on 19 first 
magnitude stars and 38 second magnitude stars, in addition to Polaris. Abbreviated 
information is given for 115 more. Additional stars are listed in The American Ephem- 
eris and Nautical Almanac and in various star catalogs. About 6,000 stars of the sixth 
magnitude or brighter (on the entire celestial sphere) are visible to the unaided eye on 
a clear, dark night. 

Stars are designated by one or more of the following: 

Name. Most names of stars, as now used, were given by the ancient Arabs and 
some by the Greeks or Romans. One of the stars of the Nautical Almanac, Nunki, 
was named by the Babylonians. Only a relatively few stars have names. Several of the 
stars on the daily pages of the almanacs had no name prior to the 1953 edition, and were 
given coined names so that all stars listed on the daily pages might have names. The 
pronunciation, meaning, and other information of general interest regarding Polaris 
and the 57 stars listed on the daily pages of the Nautical Almanac are given in 
appendix J. 

Baycr’s name. Most bright stars, including those with names, have been given 
a designation consisting of a Greek letter followed by the possessive form of the name 


616 



































+ eee ss ammmcen pemetngemre a teres Ame UA ANAL NR MGA A UTA AAW 
of@ ' 
t 






































SE ay 


IDENTIFICATION OF CELESTIAL BODIES 617 


Teh 


of the constellation, as a Cygni (Deneb, the brightest star in the constellation Cygnus, 
the swan). Roman letters are used when there are not enough Greek letters. Usually, 
the letters are assigned in order of brightness within the constellation, but in some cases 
the letters are assigned in another order, where it seems logical to do so. An example 
is the Big Dipper, where the letters are assigned in order from the outer rim of the bowl 
to the end of the handle. This system of star designation was suggested by John Bayer 
of Augsburg, Germany, in 1603. All of the 173 stars included in the list near the back of 
the Nautical Almanac are given by Bayer’s name as well as regular name, where there 
is one. 

Flamsteed’s number. A similar system, accommodating more stars, numbers 
them in each constellation, from west to east, the order in which they cross the celestial 
meridian. An example is 95 Leonis, the 95th star in the constellation Leo, the lion. 
This system was suggested by John Flamsteed (1646-1719), who was the first British 

: Astronomer Royal. 

Catalog number. Stars are sometimes designated by the name of a star catalog 
and the number of the star as given in that catalog, as A. G. Washington 632. In 
these catalogs stars are listed in order from west to east, without regard to constellation, 
starting with the hour circle of the vernal equinox. This system is used primarily for 
dimmer stars having no other designation. Navigators seldom have occasion to use 
this system. 

The ability to identify stars by position relative to each other is useful to the 

, navigator. A tabulation of the relative positions of the 57 stars given on the daily 
: pages of the Nautical Almanac, and Polaris, is given in appendix i. A star chart (fig. 
2204) is helpful in locating these relationships and others which may be useful. This 
method is limited to periods of relatively clear, dark skies with little or no overcast. 
Stars can also be identified by the Air Almanac sky diagram (art. 2212), star finder 

(art. 2210), Pub. No. 249 (art. 2211), or by computation (art. 2213). 

2204. Star charts are based upon the celestial equator system of coordinates, 
using declination and sidereal hour angle (or right ascension). The zenith of the ob- 
server is at the intersection of the parallel of declination equal to his latitude, and the 
hour circle coinciding with his celestial meridian. This hour circle has an SHA equal 
to 360°~LHA © (or RA=LHA?T). The horizon is everywhere 90° from the zenith. 
A star globe is similar to a terrestrial sphere, but with stars (and often constellations) 
shown instead of geographical positions. Star globes are used by British navigators, 
but not customarily by Americans. The Nautical Almanac includes adequate instruc- 
tions for using this device. On a star globe the celestial sphere is shown as it would 
appear to an observer outside the sphere. Constellations appear reversed. Star charts 

= may show a similar view, but more often they are based upon the view from inside 
E the sphere, as seen from the earth. On these charts, north is at the top, as with maps, 

: but east is to the left and west to the right. The directions seem correct when the chart 
is held overhead, with the top toward the north, so that the relationship is similar 
to that in the sky. Any map projection (ch. IIT) can be used, but some are more suit- 
able than others. 

The Nautical Almanac has four star charts. The two principal ones are on the 
polar azimuthal equidistant projection (art. 320), one centered on each celestial pole. 
Each chart extends from its pole to declination 10° (same name as pole). Below each 
polar chart is an auxiliary chart on the Mercator projection, from 30°N to 30°S. On 
any of these charts, the zenith can be located as indicated above, to determine which 
stars are overhead. The horizon is 90° from the zenith. The charts can also be used 
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STAR CHARTS 


NORTHERN STARS 


™, 
gnsvoid 
te Ape rororany ; 
_— | 


OPHIUCRYS 

i be 3 

Selected stars of rragntude ! S and brighter SM anemest the a bedleaielte 
Selected suas of magneude 1 6 ond facter thom sto of the 4 xt we 
Other tabulated sts of magnaude 2 S ond brghte rot wed AHO 249 (AP 3270) 
Other tabsated stars of magrtude 2 6 and ferter 


EQUATORIAL STARS (SHA. 0 to 180) 


"3% o™ sorts 
I ‘ Merete 
Traaibe ze MERCULES @S con BOR 
0" ' ‘ 37 8 eo, 
i woo {  OfLPH NUS, * ae 
} es Oo as toameere = ‘ 
a er 4 5 ae 
. “Oras ‘wb «  SERPENS 
, roa 7 i OPHIUCHES of VIRGO 


a x : oe ‘ 
Sa careicoanus = ' 3 Liana sHe aime» 
se Pr ere be *% 29 Genes OY; 
re : COPS» . 
a? 


sang | 
pe ee | 
30° 6 


\ 


€ 66x72 


Figure 2204.—Star chart. 
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. to determine the location of a star relative to surrounding stars. The Air Almanac 


has ao fold-in chart near the back, on the rectangular projection (art. 311). This projec- 
tion is suitable for indicating the coordinates of th2 stars, but excessive distortion 
occurs in regions of high declination. The celestial poles are represented by the top 
and bottom horizontal lines the same length as the celestial equator. To locate the 
horizon on this chart, first locate the zenith as indicated above, and then locate the 
four cardinal points. The north and south points are 90° from the zenith, along the 
celestial meridian. The distance to the elevated pole (having the same name as the 
latitude) is equal to the colatitude of the observer. The remainder of the 90° (the 
latitude) is measured from the same pole, along the lower branch of the celestial meridian, 
186° from the upper branch containing the zenith. The east and west points are on 
the celestial equator at the hour circle 90° east and west (or 90° and 270° in the same 
direction) from the celestial meridian. The horizon is a sine curve (fig. 140b, vol. 
Ti) through the four cardinal points. Directions on this projection are distorted. 

The star charts shown in figures 2205-2208, on the transverse Mercator projection 
(art. 309), are designed to assist one in learning the stars listed on the daily pages of the 
Nautical Almanac, and Polaris. Each chert extends about 20° beyond each celestial 
pole, and about 60° (four hours) each side of the central hour circle (at the celestial 
equator). Therefore, they do not coincide exactly with that half of the celestial sphere 
above the horizon at any one time or place. The zenith, and hence the horizon, varies 
with the position of the observer on the earth, and also with the rotation of the earth 
(apparent rotation of the celestial sphere). The charts show all stars of fifth magnitude 


. and brighter as they appear in the sky, but with some distortion toward the right and 


left edges. 

The overprinted lines add certain information of use in locating the stars. Only 
Polaris and the 57 stars listed on the daily pages of the Nautical Almanac are named on 
the charts. The almanac star charts should be used for locating the additionai stars 
given near the back of the Nautical Almanac and the Air Almanac The broken lines 
connect stars of some of the more prominent constellations. The solid lines indicate 
the celestial equator and certain useful relationships among stars in different constella- 
tions. The celestial poles are marked by crosses, and labeled. By means of the celestial 
equator and the poles, one can locate his zenith approximately along the mid hour 
circle, when this coincides with his celestial meridian, as shown in the table below. At 
any time earlier than those shown in the table the zenith is to the right of center, and 
at a later time it is tc the left, approximately one-quarter of the distance from the 
center to the outer edge (at the celestial equator) for each hour that the time differs 
from that shown. The stars in the vicinity of the North Pole can be seen in proper per- 
spective by inverting the chait, so that the zenith of an observer in the Northern Hemi- 
sphere is wp from the pole. 

Fig. 2205 Fig. 2£06 Fig. 2207 Fig. 2208 


Local sidereal time 0000 0600 1200 1800 

LMT 1800 Dec. 2) Mar. 22 June 22 Sept. 21 
LMT 2000 Nov. 21 Feb. 20 May 22 Aug. 21 
LMT 2200 Oct. 21 Jan. 20 Apr. 22 July 22 
LMT 0000 Sept 22 Dec. 22 Mar.23 June 22 
LMT 0200 Aug. 22 Nov. 22 Feb. 21 May 2% 
LMT 0400 July 23 Oct. 22 Jan. 21 Apr. 22 


LMT 0600 June 22 Sept.21 Dec. 22 Mar. 23 
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2205. Stars in the vicinity of Pegasus (fig. 2205).—In autumn the evening sky has | 
few first magnitude stars. Most of these are near the southern horizon of an observer | 
in the latitudes of the United States. A relatively large number of second and third : 
magnitude stars sec a conspicuous, perhaps because of the small number of brighter . 


stars. High in the southern sky three third magnitude stars and one second magnitude 
star form a square with sides nearly 15° of arc in length. This is Pegasus, the winged 
horse, although to many modern men it more nearly resembles a baseball diamond, 
complete with catcher, pitcher, batter, umpire, base umpire near second base, infield 
and outfield; although there does seem to be a large number of outfielders. One may 
even see the next batter, bat boy, and coach. 

Only Markab at the southwestern corner (third base) and Alpheratz at the north- 
eastern corner (first base) are listed on the daily pages of the Nautical Almanac. Al- 
pheratz is part of the constellation Andromeda, the princess, extending in an arc toward 
the northeast and terminating at Mirfak in Perseus, legendary rescuer of Andromeda. 

A line extending northward through the eastern side (first-second base line) of the 
square of Pegasus passes through the leading (western) star of M-shaped (or W-shaped) 
Cassiopeia, the legendary mother of the princess Andromeda. The only siar of this 
constellation listed on the daily pages of the Nau‘ical Almanac is Schedar, the second 
star from the leading one as the configuration circles the pole in a counterclockwise 
direction. If the line through the eastern side of the square of Pegasus is continued 
on toward the north, it ‘eads to second magnitude Polaris, the North Star (less than 1° 
from the nc.th celestial pole) and brightest star of Ursa Minor, the Little Bear. Kochab, 
a second magnitude star 1t the other end of the Little Dipper, is also listed in the alma- 
nacs. At this season the Sig Dipper is low in the northern sky, below the celestial pole. 
A line extending from Kochab through Polaris leads to Mirfak, assisting in its identi- 
fication when Pegasus and Andromeda are near or below the horizon. 

Deneb, in Cygnus, the swan, and Vega are bright, first magnitude stars in the 
nortl western sky. They are discussed in article 2208. Capella, a bright star in the 
northeastern sky, is discussed in article 2206. 

The line through the eastern side of the square of Pegasus (first-second base line) 
approximates the hour circle of the vernal equinox, shown at T on the celestial equa- 
tor to the south. The sun is at T on or about March 21, when it crosses the celestial 
equator from south to north. If the line through the eastern side of Pegasus is extended 
southward and curved slightly toward the east, it leads to second magnituds Diphda. 


A longer and straighter line southward through the western side (home plate-third base : 


line) of Pegasus leads to first magnitude Fomalhaut. A line extending northeasteriy 
from Fomalhaut through Diphda leads to Menkar, a third magnitude star, but the 
brightest in its vicinity. Ankaa, Diphda, and Fomalhaut form an isosceles triangle, 
witn the apex at Diphda. Ankaa is near or below the southern horizon of observers 


in latitudes of the United States. Four stars farther south than Ankaa may be visible 
when on the celestial meridian, just above the horizon of observers in latitudes of 


the extreme southern part of the United States. These are Acamar, Achernar, A] Na’ir, 
and Peacock. These stars, with each other and with Ankaa, Fomalhaut, and Diphda, 
form a series of triangles as shown in figure 2205. Almanac stars near the bottom of 
figure 2205 are discussed in succeeding articles. 

Two other almanac stars can be located by their positions relative to Pegasus. 
These are Hamal in the constellation Aries, the ram, east,of Pegasus, and Enif, west 
of the southern part of the square, identified as shown in figure 2205. The line leading 


to Hamal, if continued. leads to the Pleiades, not. used by navigators for celestial ob- ~,.. 


servations, but a prominent figure in the sky, heralding the approach of the many 
conspicuous stars of the winter evening sky, figure 2206. 
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Figure 2205.—Stars in the vicinity of Pegasus. 
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2206. Stars in the vicinity of Orion (fig. 2206).—As Pegasus leaves the meridian 
and moves into the western sky, Orion, the mighty hunter, rises in the east. With the | 
possible exception of the Big Dipper, no other configuration of stars in the entire sky is 
as well known as Orion and its immediate surroundings. In no other part are there so’ 
many first magnitude stars. 

The belt of Orion, being nearly on the celestial equator, is visible by an observer 
in virtually any latitude, rising and setting almost on the prime vertical, and dividing 
equally its time above and below the horizon. Of the three second magnitude stars 
forming the belt, only Alnilam, the middle one, is listed on the daily pages of the Nautical 
Almanac. : 

Four conspicuous stars form a box around the belt. To the south is Rigel, one of 
the hottest and bluest of the stars, in contrast with relatively cool, red, variable 
Betelgeuse, at approximately an equal distance to the north. Bellatrix, bright for a 
second magnitude star but overshadowed by its more brilliant neighbors, is a few 

degrees west of Betelgeuse. Neither the second magnitude star forming the south- 
eastern corner of the box, nor any star of the dagger, is listed on the daily pages of 
the Nautical Almanac. 

A line extending eastward from the belt of Orion and curving toward the south ; 

leads to Sirius, the brightest star in the entire heavens, having a magnitude of (—) 
1.6. Only Mars and Jupiter at or near their greatest brilliance, and the sun, moon, 
and Venus are brighter than Sirius. This is part of the constellation Canis Major, 
the large hunting dog of Orion. Starting at Sirius a curved line extends northward 
through first magnitude Procyon, in Canis Afinor, the small hunting dog; first magnitude 
Pollux and second magnitude Castor (not listed on the daily pages of the Nautical 
Almanac), the twins of Gemini; brilliant Capella in Auriga, the charioteer; and back 
down to first magnitude Aldebaran, the follower, which trails the Pleiades, .ne seven 
sisters. Aldebaran, brightest star in the head of Taurus, the bull, may also be found 
by a curved line extending northwestward from the belt of Orion. The V-shaped 
figure forming the outline of the head and horns of Taurus points toward third magni- 
tude Menkar. At the summer solstice the sun is between Pollux and Aldebaran. 

If the curved line from Orion’s belt southeastward to Sirius is continued, it leads , 
to 2 conspicuous, small, nearly equilateral triangle of three bright second magnitude 
stars of nearly equal brilliancy. This is part of Canis Major. Only Adhera, the western- . 
most of the three stars, is listed on the daily pages of the Nautical Almanac. Continuing 
on with somewhat less curvature, the line leads to Canopus, second brightest star in the 
heavens and one of the two stars having a negative magnitude (—0.9). With Suhail : 
and Miaplacidus, Canopus forms a large, equilateral triangle’which partly encloses the 
false Southern Cross. The brightest star within this triangle is Avior, near its center. 
Canopus is also at one apex of a triangle formed with Adhara to the north and Suhail to 
the east, another triangle with Acamar to the west and Achernar to the southwest, and 
another with Achernar and Miaplacidus. Acamar, Achernar, and Ankaa form still 
another triangle toward the west. Because of chart distortion, these triangles do not 
appear in the sky in exactly the relationship shown on the star chart. Other daily-page 
almanac stars near the bottom of figure 2206 are discussed in succeeding articles. 

During the winter evening sky the Big Dipper is east of Polaris, the Little Dipper is 
ngarly below it, aud Cassiope?~ is west of it. Mirfak is northwest of Capella, nearly 
midway between it and Cassiopeia. Hamal is in the western sky. Regulus and Alphard 


are low in the eastern sky, heralding the approach of the configurations associated with Aw. _ 
the evening skies of spring. 
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06.—Siars in the vicinity of Orron. 


22 


FIGURE 





mane 


er aay 


= 



















































































































































































































































































NT 
3 


~ 


624 IDENTIFICATION OF CELESTIAL BODIES 


TENET 
eee 


mt 


2207. Stars in the vicinity of Ursa Major (fig. 2207).—As if to enhance the soled 
of the sk? in the vicinity of Orion, the region toward the east, like that toward the west, j 
has few bright stars, except in the vicinity of the south celestial pole. However, as | 
Orion sets in the west, leaving Capella and Pollux in the northwestern sky, a number of . 
good navigational stars move into.favorable positions for observation. 

The Big Dipper, part of Ursa Major, the great bear, appears prominently aun 
the north celestial pole, directly opposite Cassiopeia .onty partly shown in fig. 2207), 
which appears as a W just above the northern hocizon of most observers in latitudes of 
the United States. Of the seven stars forming tl.e Big Dipper, only Dubhe, Alioth, and | 
Alkaid are listed on the daily pages of the Nautical Almanac. 

The two second magnitude stars forming the outer part of the bow] of the Big 
Dipper are often called the pointers because a line extending northward (down in spring 
evenings) through them points to Polaris. The Little Dipper, with Polaris at one end and 
Kochab at the other, is part of Ursa Minor, the Little Bear. Relative to its bowl, the 

. handle of the Little Dipper curves in the opposite direction to that of the Big Dipper. 
: Other almanac stars near the top of figure 2207 are discussed elsewhere. 

A line extending souti.ward through the pointers, and curving somewhat toward 
the west, leads to first magnitude Regulus, brightest star in Leo, the lion. The head, 
shoulders, and front legs of this constellation form a sickle, with Regulus at the end | 
of the handle. Toward the east is second magnitude Denebola, the tail of the lion. | 
On toward the southwest from Regulus is second magnitude Alphard, brightest star) 
in Hydra, the sea serpent. A dark sky and considerable imagination are needed | 
tracc the long, winding body of this figure. 

: A curved line extending the arc of the handle of the Big Dipper leads to first mag- 
: nitude Arcturus. With Alkaid and Alphecca, brightest star in Corona Borealis, the 
Northern Crown, Arcturus forms a large, inconspicuous triangle. If the arc through 
e Arcturus is continued, it leads next to first magnitude Spica and then to Corvus, the 
E crow, which appears most like a gaff mainsail of a schooner. The brightest star in this 
constellation is Gienah, but three others ar2 nearly as bright. At autumnal equinox 
the sun is on the celestial equator, about midway between Regulus and Spica. 
A long, slightly curved line from Regulus east-southeasterly through Spica leads to 
Zubenelgenubi (z65-bén’él-jé-nu’bé) at the southwestern corner of an inconspicuous 
box-like figure called Libra, the (weighing) scales. 
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Returning to Corcus, a line from Gienah, extending diagonally across the figure | 3 
and then curving somewhat toward the east, leads to Menkent, just beyond Hydra. 
Far to the south, below the horizon of most northern hemisphere observers, 8 : 


= 
= 
= 


group of bright stars is a prominent feature of the spring sky of theSouthern Hemisphere. 
Cruz, the Southern Cross, is about. 40° south of Corcus. This is a small figure and a poor 
cross, and hence disappointing to many who view it for the first time. The “false cross’ 
to the west is a better but less conspicuous cross. Acrux at the southern end of the : 
Southern Cross, and Gacrux at the northern end, are listed on the daily pages of the = 
Nautical Almanac. 

The triangles formed by Suhail, Miaplacidus, and Canopus, and by Suhail, Adhara, 
and Canopus, are west of the Southern Cross, Suhail being in line with the horizontal 
arm of the Southern Cross at this time. A line from Canopus, through Miaplacidus, 
curved slightiy toward the north, leads to Acrux. A line through the east-west arm 
of Cruz, eastward and then curving toward the south, leads first to Hadar and then to 
Rigil Kentaurus, two very bright stars. Continuing on, the curved line leads to small ‘ 
Triangulum Australe, the Southern Triangle, the easternmost star of which is Atria. 

Scorpius, the scorpion, Kaus Australis, and Peacock, in the southeastern sky of 
the Southern Hemisphere, are discussed in article 2208. Se A. 
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Figure 2207.--Stare in the vicinity of Ursa Major. 
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2208. Stars in the vicinity of Cygnus (fig. 2208).—As the celestial sphere continues | i 
in its apparent westward rotation, the stars familiar to a spring evening observer sink | | 
low in the western sky. By midsummer the Big Dipper kas moved to a position to the | 
left of the north celestial pole, and the line from the pointers to Polaris is nearly hori- ° 
zontal. The Little Dipper is standing on its handle, with Kochab above and to the left 
of the celestial pole. Cassiopeia is at the right of Polaris, opposite the handle of the 
Big Dipper. 

The only first magnitude star in the western sky is Arcturus, which forms a large, 
inconspicuous triangle with Alkaid, the end of the handle of the Big Dipper, and 
Alphecca, the brightest star in Corona Borealis, the Northern Crown. 

The eastern sky is dominated by three very bright stars. The westernmost of 
these is Vega, the brightest star norti: of the celestial equator, and third brightest . 
star in the heavens. Its magnitude is 0.1. Having a declination of a little less thau 
39°N, this star passes through the zenith along a path across the central part of the - 
United Siutes, from Washington in the east to San Francisco on the Pacific coast. 
Vega forms a large but conspicuous triangle with its two bright neighbors, Deneb to 
the northeast and Altair to the southeast. The angle at Vega is nearly a right angle. 
Deneb is at the end of the tail of Cygnus, the swan. This configuration is sometimes 
called the Northern Cross, with Deneb at the head. To modern youth it more nearly 
resembles « dive bomber while it is still well toward the east, with Deneb at the nose 
of the fuse +. Altair has two fainter stars close by, on opposite sides. The line formed 
by Altair anu its two fainter companions, if extended in a northwesterly direction, 
passes through Vega, and on to second magnitude Eltanin. The angular distance from 
Vega to Eltanin is about half that from Altair to Vega. Vega and Altair, with second 
magnitude Rasalhague to the west, form a large equilateral triangle. This is less con- 
spicuous than the Vega-Deneb-Altuair triangle because the brilliance of Rasalhague is 
much less than that of the three first magnitude stars, and the triangle is overshadowed 
by the brighter one. 

Far to the south of Rasalhague, and a little toward the west, is a striking con- 
figuration called Scorpius, the scorpion. The brightest star, forming the head, is red 
Antares. At the tail is Shaula. 

Antares is at the southwestern corner of en approximate parallelogram formed by 
Antares, Sabik, Nunki, and Kaus Australis. With the exception of Antares, these 
sturs are only slightly brighter than a number of others nearby, and s- this parallejorram ! 
is not a striking figure. At winter solstice the sun is a short distance northwest of Nuuki. ° 

Northwest of Scorpius is the box-like Libra, the (weiehin,) scales, in which Zubenel- 
genubi marks the southwest corner, 

With Mounent and Rigil Kentaurus to the southwest, Antares forms a large but 
unimpressive triangle. For most observers in the latitudes of the United States, An‘ares | 
is low in the southern sky, and the other two stars of the triangle are below the horizon. ' 
To an observer in the Southern Hemisphere Cruz, the Southern Cross, is to the right of ' 


inom 


the south celestial pole, which is not marked by a conspicuous star. A long, curved line ~ 


starting with the new-vertical arm of the Southern Cross and extending northward 
and then eastward passes successively through Hadar, Rigil Kentaurus, Peacock, and 
Al Na’ir. 

Fomalhaut is low in the southeastern sky of the southern hemisphere observer, and _ 
Enif is low in the eastern sky at nearly any latitude. With the appearance of these , 
starsit is not long before Pegasus will appear over the eastern horizon during the eve- 
ning, and as the winged horse climbs evening by evening to a position higher in the sky, ' 
a new annual cycle approaches. 
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Figure 2208.—Stars in the vicinity of Cygnus 
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2209. Planet diagram.—The planet diagram in the Nautical Almanac shows, in ; 
graphical form for any date during the yeur, the LMT of meridian passage of the sun, ' 
o: the five planets Mercury, Venus, Mars, Jupiter, and Saturn, and of each 30° of SHA. - 
The diagram provides a general picture of the availability of planets and stars for. 
observation, and thus the following information: : 

1. whether a planet or star is too close to the sun for observation; 

2. whether a planet is a morning or evening star; 

3. some indication of the planet’s position during twilight; 

4. the proximity of other planets; and 

5. whether a planet is visible from evening to morning twilight. 

A band 45" wide is shaded un each side of the curve marking the LMT of meridian 
passage of the sun. Any planet and most stars lying within the shaded area are too 
close to the sun for observation. 

When the meridian passage occurs at midnight, the body is in opposition (art. 
1422) to the sun and is visible all night; planets may be observable in both morning 
and evening twilights. As the time of meridian passage decreases, the body ceuses to be 
observable -1 the morning, but its altitude above the eastern horizon during evening 
twilight p:: ually increases; this continues until the body is on the meridian at tw ilight | 
From the.. ynwards the body is observable above the western herizon and its altitude | 
at evening twilight gradually decreases; eventually the body comes tvo close to the | 
sun for observation. When the body again becomes ~isible, it is seen as a morning star j i 
low in the east; its altitude at twilight increases until meridian passage occurs at the | 
time of morning twilight. Then, as the time of meridian passage decreases to 0%, the! 
body is observable in the west in the morning twilight with a gradually decreasing & 
altitude, until it once again reaches opposition. 

Only about one half the region of the sky along the ecliptic as shown on the diag am 
is above the horizon at one time. At sunrise (LMT about 6°) the sun and, hence, the 
region near the middle of the diagram are rising in the cast; the region at the bottom of 
the diagram is setting in the west. The region half way between is on the meriaran. 
At sunset (LMT about 18") the sun is setting in the west; .ne region at the top of the 
diagram is rising in the east. Marking the planct diagram of the Naztical Almanac so 
that east is at the top of the diagram and west is at the bottom cun ve useful ? 
interpretation. 

Tf the curve for a planet intersects the vertical line connecting the date graduations | | 
below the shaded area, the planet i is a mor.ang star; if the intersec.ion is above the | 
shaded area, the planet is an evening star. 

A similar planet location diagrem in the Air Almanac represents the region of the. 
sky along the ecliptic within which the sun, moon, and plarets clways move; it shows, 
tor each date, the sun in the center and .he relative positions of the moon, the five 
planets Mercury, Venus, Mars, Jupiter, Saturn and the four first magnitude Sears | 
Aldebaran, Antares, Spica, and @eygulus, and also the position on the ecliptic which ' 
is north of Sirius (i.e. Sirius is 40° south of this point). The first point oi Aries is also 
shown for reference. The magnitu’es of the planets are given at suitable intervals 
along the curves. Thc moon symbol shows the correct phase. A straight line joining 
the date on the left-hand side with the same date of the right-hand side represents a 
complete circle around the sky, the two ends of the line representing the point 180° 
from the sun; the intersections with the curves show the spacing of the bodies along 
the ecliptic on the date. The time scalo indicates very approximately the local mean time _ 
at which an object will be on the observer’s meridian. 
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Figure 2210a.—~The south pole side of the star base of No. 2102-D. 


At any time only about. half the region on the diagram is above the horizon. At 
sunrise the sun (and hence the region near th2 middle of the diagram) is rising in the 
east and the region at the end marked “West” is setting in the west; the region half-way 
between these extremes is on the meridian, as will be indicated by the local time (about 
6"). At the time of sunset (local time about 18") the sun is setting in the west, and the 
region at the end marked ‘East is rising in the east. 

The diagram should be used in conjunction with the Sky Diagrams. 

2210. 3tar finders.—Various devices have been invented to help an observer 
locate aid identify individual stars. The most widely used is the Star Finder and 
: Identifier formerly published by the U.38. Navy Hydrograph’e Office and now pubiished 


cents 


' commercially. The current mode}, No. 2102-D, as well as the previous 2102-C model 
L, _ patented by E. B. Collins, employs the same basic principle as that used in the Rude 
Ste> Finder, which was patented by Captain G. T. Rude, USC&GS, and later sold to 
the Hydrographic Office. Successive models reflect. various modifications to meet chang- 
ing conditions and requirements. 
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The star base of No. 2102-D consists of a thin, white, opaque, plastic disk about 
$43 inches in diameter, with a small peg in the center. On one side the north celestial 
pole is shown at the center, and en the opposite side the south celestial pole is at the i 
center. All of the stars listed on the daily pages of the Nautical Almanac are shown 
on a polar azimuthal equidistant projection (art. 320) extending to the opposite pole. 
The south pole side is shown in figure 2210a. Many copies of an older edition, No. 
2102~C, showing the stars listed in the almanacs prior to 1953, and having other | 
minor differences, are still in use. These are not rendered obsolete by the newer edition, 
but should be corrected by means of the current almanac. The rim of each side is; 
graduated to half a degree of LHAT (or 360°—SHA). 

Ten transparent templates of the same diameter as the ser jbase are provided. ; 
There is one template for each 10° of latitude, labeled 5°, 15°, 25°, etc., plus a tenth | 
(printed in red) showing meridian angle and declination. The older edition (No. 2102-| 
C) did not have the red meridian angle-declination template. Each template can be | 
used on either side of the star base, being centered by placing a small center hole in the } 
template over the center peg of the star base. Each latitude template has a family of | 
altitude curves at 5° intervals from the horizon (from altitude 10° on the older No. } 
2102-C) to SO A second family of curves, also at 5° intervals, indicates azimuth. The | 
north-south azimuth line is the celestial meridian. The star base, templates, and a set of a 
instructions are housed in a ciccular leatherette container. 2 

Since the sun, moon, and planets continually change apparent position relative a 
to the “fixed” stars, they are not shown on the star base. However, their positions at Hy 
anytime, as well as the positions of additional stars, can be plotted. To do this, deter- 
mine 360°—SUA of the body. For the stars and planets, SHA is listed in the Nautical 

| 
| 





Almanac. For the sun and moon, 360°—SHA is found by subtracting GHA of the 
body from GHA at the same time. Locate 360°—SHA on the scale around the rim of 
the star base. A straight Jine from this point to the center represents the hour circle of 
the body. From the celestial equator, shown as a circle midway between the center 
and the outer edge, measure the declination (from the almanac) of the body toward 
the center if the pole and declination have the same name (both N or both S), and away 
from the center if they are of contrary name. Use the scale along the north-south azimuth 
line of any template as a declination scale. The meridian angle-declination templete 
(the latitude 5° template of No. 2102-C) has an open slot with declination graduations 
along one side, to assint in plotting positions, as shown in figure 2210b. In the illustration 
the celestial body being located has a 360°—SHA of 285°, and a declination of 14°55. 
It is not practical to attempt to plot to greater precision than the nearest 0°1. Positions 
of Venus, Mars, Jupiter, and Saturn on June J, 1975, are shown plotted on the star ! 
dase in figure 2210c. It is sometimes desirable to plot positions of the sun and moon, to | 
assist In planning. Plotted positions of stars need not be changed. Plotted positions of | 
bodies of the solar system should be replotted from time to time, the more rapidly | 
moving ones oftener than others. The satisfactory interval for each body can be deter- | 
mined by experience. It is good practice to record the date of each plotted position of a* 
body of the solar system, to serve later as an indication of the interval since it was 
plotted. 

To orient the template properly for any given time, proceed as follows: enter 
the almanac with GMT, and determine GHAY at this time. Apply the longitude to 
GHAT, subtracting if west or adding if east, to determine LHAT. If LMT is sub- . 
stituted for GMT in entering the almanac, LWA? can be taken directly from the § 
almanac, to sufficient accuracy for orienting the star finder template. Select the tem-— 


plate for the jatitude nearest that of the observer, and center it over the star base, ® 
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Figure 2210b.—Plotting a celestial body on the star base of No. 2102-)). 


being careful that the correct sides (north or south to agree with the latitude) of both 
template and star base are used. Rotate the template relative to the star base until 
the arrow on the celestial meridian (the north-south azimuth line) is over LHAT on 
the star base graduations. The small cross at the origin of both families of curves now 
represents the zenith of the observer. The approximate altitude and azimuth of the 
celestial bodies above the horizon can be read directly from the star finder, using eye 
interpolation. Consider Polaris, not shown as at ‘he north celestial pole. For more ac 

curate results, the template can be lifted clear of the center peg of the star base, ard 
shifted along the celestial meridian until the latitude, on the altitude scale, is over the 
pole. This refinement is not needed for normal use of the device. It should not be 
used for a latitude differing more than 5° from that for which the curves were drawn. 
Tf the altitude and azimuth of an identified body shown on the star base are Known the 


template can be oriented by rotating it until it is in correct position relative to that 
body. 
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Customarily, No. 2162-D is used in either of two ways: 


z 
Figurt 2210c.—A template in place over the star base of No. 2102-D, 
{ 
1. To make an advance list of celestial bodies available for observation at a ziveny 
i 


time. 

2. To identify an unknown celestial body which has been observed. 

Example 1.—During evening twilight on June 1, 1975, the GMT 2324 DR position ¢ 
of a ship is lat. 34°12/5N, long. 57°40/0W. | 


Required —The approximate altitude (h) and azimuth of each first magnitude’ 


star, and any planets, between altitudes 15° and 75°. 
Solution (fig. 2210c).—(i) Plot the positions of the planets, as shown. The values 


used are those for GMT 0000 on June 1, as follows: 
Planet 360°—SHA Dec. 










Venus 116°7 23°7N : Rew. 
Mars $°0 1°98N 

Jupiter 15°99 5°5N 

Saturn 108°4 22°3N m 
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(2) Determine LHA T by means of the Nautical Almanae, as follows: 


GMT 2324 June] 
23" 234°48/2 
24™ 6°0170 
GHA f 240°4972 
d 57°40/0W 
LHA f 183°09/2 


(3) Select the template for latitude 35°, place it over the north side of the star 
base with “LATITUDE 35° N” appearing correctly, and orient it to 183°2. It is 
customary to list the bodies in order of increasing azimuth, as follows: 


Body h Zn 
Vega 17° 054° 
Arcturus 59° 111° 
Spica 42° 157° 
Regulus 53° 240° 
Procyon 20° 262° 
Venus 32° 278° 
Saturn 25° 282° 
Pollux 33° 284° 
Capella 15° 316° 


Example 2.—At the time and place of example 1, an unidentified celestial body is 
observed through a break in the clouds. Its sextant altitude is 15°27/8, and its azimuth 
is 085°. 

Required.—Identify the celestial body. 

Solution (fig. 2210c).—Orient the template as in example 1. By means of its 
altitude and azimuth, identify the star as Rasalhague. 

If no body eppears at the measured altitude and azimuth, place the red meridian 
angle-declination template over the altitude-azimuth template and read off, by in- 
spection, the declination and the 360°—SHA value of the body, and from this, determine 
its SHA. Using the SHA and declination, enter the list of stars near the back of the 
Nautical Almanac, and identify the body. If it is not found in this Jist, and no error 
has been made, one of the stars not listed in the almanac, or possibly the planet Mercury, 
has been observed. Unless a copy of The American Ephemcris and Nautical Almanac 
or another book containing the required information is available, the observation can- 
not be used. If right ascension (art. 1426) of the body is available, but not its SHA, 
the value taken from the star finder (8360°—SHA) is converted to time units (art. 1811) 
and used directly, since RA=360°—SHA. 

Example 3.—At the time and place of example 1 an unidentified celestial body is 
observed through a break in the clouds. Its altitude is 52°58'9, and its azimuth is 
170°. 

Required.—Identify the celestial body. 

Solution (fig. 2210c)—Orient the template as in example 1. Since no celestial 
body appears ai the place indicated by its altitude and azimuth, the red meridian angle- 
declination template is placed over the altitude-azimuth template. The declination 
is found to be about 1°S. The 360°—SHA value is about 190°, and SHA is therefore 


about 170°. From the star list near the back of the Nautical Almanac, the star is 
identified as y Virginis. 
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634 IDENTIFICATION OF CELESTIAL BODIES 


Kotlarié’s Star Finder and Identifier, designed and patented by Dr. Stjepo M. ! 
Kotlarié, Assistant Director of the Hydrographic Institute of the Yugosiav Navy, : 
is actually a booklet of 18 pairs of star charts with a plastic template enclosed. It! 
depicts the 57 selected stars plus 125 other stars, for a total er 182 stars. All of the: 
173 stars listed in the Neutical . Almanac are depicted. This star finder provides greater 
reliability in identification than No. 2102-D. 

Each pair of star charts shows the Western and Eastern Hemispheres separately. 
The Western Hemisphere is shown using the stereographic projection (art. 318) on 
a plane tangent to the celestial equator at the west point; the Eastern Hemisphere 
is shown using the same projection on plane tangent to the celestial equator at the 
east point. 

The stars are plotted with different symbols. according to their magnitude. Se- . 
lected stars are in black, and other stars in green. The stars in constellations are con- 
nected by a broken yellow line, while the “star-chasing” alignments are plotted with 
solid yellow lines. The names of the selected stars are show. in black capital letters, 
while all other stars are shown in green, using capital letters for popular names. 

Since the list of stars near the back of the Nautical Almanac is not compiled . 
in alphabetical order, an alphabetical index of stars with their rounded values of i 
SHA and declination is included with the star finder to facilitate location of a star} 
in the list. 

Two 20° intervals of LHAT, differing by 180°, are used for constructing each 
pair of star charts. The circle bordering the star chart (fig. 2210d) represents the 
observer’s celestial meridian. The circle is graduated to permit orientation of the 
plastic template to the star chart, according to the observer’s latitude, in order to 
portray the visible hemisphere in the horizon system of coordinates. 

The Jatitude scale on the right-hand half is black, and that on the left half is red. 
By selecting the appropriate pair cf star charts according to the values of LHA T and 
the azimuth. printed on the ~tar charts, and by placing the template over the selected 
star chart in such a way that their centers coincide and the zenith of the template is 
placed on the proper latitude value on the black border scale when the azimuth figures 
are in black type (or on the red border scele when the azimuth figures are in red type). 
the altitude and azimuth of a star can be detern ined. Also, with the observed altitude! 
and azimuth the coordinates of the star in the celestial equator system can be determined. i 

Star symbols on all the star charts are plotted for odd tens of degrees of LHA 7.” 
A part of the star’s path is plotted to a distance of 10° to the left and to the right of 
the star symbol’s position. A 10° increase of LHA T from the star symbol’s position 
is plotted as a solid line path, and a 10° decrease of LUA 7 is plotted as a dotted line 
path. These portions of the star paths facilitate the identification of stars and make! 
for more certainty in identification. The position of a star, determined by means of 
altitude and azimuth on the template superimposed on this star chart. may be found 
from either the star symbol or the appropriate point on the star path when LHA 7 at 
the time of the observation differs from the value of odd tens of degrees for which the 
star symbol is printed on the star chart. 

Example 4.—Three unknown stars with the following data are observed from 
Jat. 50°N: 
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Zn h LHA T 
028° 22°48’ 70° 
029°5 25°00’ 66°5 
152° 26°16’ 61° 


Required.— Identify the stars. 
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IDENTIFICATION OF CELESTIAL BODIES 635 
Star Chart No 8 LHA ARIES = 60°- 80° 
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Figure 2210d.—Kotlarié’s Star Finder and Identifier. 


Solution.—For LHA Y 70° and Zn 028°, star chart No. 8 (fig. 2210d) is used. 
Since the azimuth figures are in black type, the zenith on the template is placed on 
the black latitude scale. The zenith is placed at +50° since the observer’s latitude 
is 50°N. (If the observer’s latitude were 50°S, the zenith on the template wouid be 
placed at —50°.) The template is also placed so that its center and the center of the 
star chart coincide. 

At the intersection of the curves for Zn 028° and h 22°8, the symbol for Mizar 
is found. ‘the body is identified as Mizar. 

For LHAY 66°5 and Zn 02995, star chart No. § is used. As indicated at the top 
of the star chart, the position of the star is on the dotted hme path extending from 
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the star symbol. For LHAT 6625, the position of the star is between the star symbol 
and the midpoint of the dotted line star path. i 

Since the azimuth figures are in black type, the zenith on the template is placed| 
on the black latitude scale. The zenith is placed at +-50° since the observer’s latitude 
is 50°N. The template is also placed so that its center and the center of the star chart 
coincide. \ 

The intersection of the curves for Zn 029°5 and h 25°0 is found to be between! 
the dotted line path of Alioth and the solid line path of Mizar. Since it has been found 
that the star’s position is on the dotted line, the observed star is reliably identified as 
Alioth. 

For LHA®T 61° and Zn 152°, star chart No. § is used. As indicated at the top of 
the star chart, the position of the star is at the beginning of the dotted line star path. 

Using the procedures given above for placing the template, the star is identified 
as Saiph (« Orionis). 

In the identification of pianets. the coordinates of the intersection of the altitude 
and azimuth curves corresponding to the planet observation are found through approxi- 
mating the differences between the coordinates of the intersection and the coordinates 
of a nearby star. : 

In practice, however, the procedure is considerably simpler. For example: If the 
inteisection of the altitude and azimuth curves is found near Regulus, the daily page 





coordinates closest to those of Regulus. This simple procedure is achieved through 
the use of the jarge number of stars. 

2211. Sight Reduction Tables for Air Navigation (Pub. No. 249).—Vclume I 
of Pub. No. 249 can be used as a star finder for the stars tabulated at any given time. 
For these bodies the altitude and azimuth are tabulated for each 1° of latitude and 
1° of LHAT (2° beyond latitude 69°). The principal limitation is the small number of 
stars listed. 

2212. Sky diagram.—Neer the back of the Air Almanac are a number of sky 
diagrams. These are azimuthal equidistant projections (art. 320) of the celestial sphere 
on the plane of the horizon, at latitudes 75°N, 50°N, 25°N, 0°, 25°S, and 50°S, 
at intervals of two hours of local mean time each month. A number of the brighter 
stars, the visible planets, and several positions of the moon are shown at their correct 
altitude and azimuth. These are of limited value because of their small scale; the 
large increments of latitude. time, and date; and the limited number of bodies shown. 
However, in the absence of uther methods, particularly a star finder, these diagrams 
can be useful. Allowance can be made for variations from the conditions for which 
each diagram is constructed. Instructions for use of the diagrams are included in the } 
Air Almanac. 

2213. Identification by computation.—If the altitude and azimuth of the celestial 
body, and the approximate latitude of the observer, are kaown, the navigational 
triangle (art. 1433) can be solved for meridian angle and declination. The meridian 
angle can be converted to LHA, and this to GHA. With this and GHA of Aries at 
the time of observation. the SHA of the body can be determined. With SHA and 
declination, one can identify the body by reference to an almanac. Any method of 
solving a spherical triangle. with two sides and the included angle being given, is ; 
suitable for this purpose. A large-scale. carefuliy-drawn diagram on the plane of the | 
celestial meridian. using the refinement shown in figure 1432f. should yield satisfactory 
resulis. A simple method of computation is by Pubs No. 214. Following the tables of 


' 


of che Nautical Almanac is scanned to find which of the four navigational planets : 
a 
| 


¢ 


AT tile de ad A yuo ws oS amon fed 





ste ae 1a in et a ae tL a a 





todd 14 Au ht ws vt a 








4 
= 
% 
i 


ty 






ly 


i 





nay whinge ay gute RLV 















sie ab 
ROMER 


2 











ii! 
HWA GiB 





















































IDENTIFICATION OF CELESTIAL BODIES 637 


. computed altitude and azimuth for each latitude, a two-page star identification table 


is given, as shown in appendix N. The example given below is based upon this extract. 

The steps in solution by Pub. No. 214 are: 

1. Convert Zn to Z. 

2. With Z and h (usually the approximate value taken from the sextant, without 
correction) enter the Pub. No. 214 star identification pages for the nearest whole 
degree of Jatirude. and extract the declination and meridian angle, t (given as H.A. in 
the table). If the declination is given in roman type, above the heavy line, it has the 
same name as the latitude. If the declination is given in italics, below the heavy line, 
it has the contrary name to that of the latitude. When interpolating between roman 
and italic declination., consider the italic value negative, using the arithmetical sum as 
the algebraic difference needed for interpolation. Extract values to the nearest whole 
degree. 

3. Convert t to LHA. 

4. Apply the longitude to LHA to find GHA, adding if in west longitude. and 
subtracting if in east longitude. 

5. Enter the Nautical Almanac with GMT. and determine GHAT. 

6. Subtract GHAT from GHA to find SHA (since GHAY=GHAT + SHA). 

7. With the approximate SHA and d enter the Nautical Almanac star list and 
identify the body, checking first the SHA and then the declination. Do not. overlook 
the possibility of having observed a planet or a star not listed in the almanac. For 
a planet. check first the declination. If this is approximately correct. check the GHA. 
It. is not. necessary to find the SHA of a planet. 

Exsample.—On May 31, 1975, the 0425 DR position of a ship is lat. 41°13'6N, 
long. 140°41:7W. About this time the navigator observes an unknown star through a 
break in the clouds, as follows: GMT 1324746", hs 15°01/5, Zn 232°. 

Required.—I\dentify the unknown celest*ai body, using Pub. No. 214. 


Solution.— 
May 31 
GMT 13>24746° May 31 Zn 232° 
13° §3°24/4 Z N128°W 
24165 691275 h 15° 
GHAY  §9°3679 (subtract) dad ~ 16°S (from Pub. No. 214) 
GUA 193° t 52°W (from Pub. No. 214) 
SHAy 103° LHA ~ 52° 
d 16°S dN 141°W 
Body Sabik GHA 193° 


Although no formal star identification tables are included in Pub. No. 229, a 
simple approach to star identification is to scan the pages of the appropriate latitudes 
and observe the combination of arguments which give the altitude and azimuth angle 
of the observation. Thus the declination anJ LHA*y are determined directly. The 
star's SHA is found from, SUAy:=LHA IA’. From these quantities the star 
can be identified from the Nautical Almanac. 

Another solution is available through an interchange of arguments using the nearest 
integral values. The procedure consists of entering Pub. No. 229 with the observer's 
latitude (same name as declination), with the observed azimuth angle (converted from 
observed true azimuth as required) as LHA and the observed altitude as declination, 
and extracting from the tables the altitude and azimuth angle respondents. The ex- 
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638 IDENTIFICATION OF CELESTIAL BODIES 


tracted altitude becomes the body’s declination; the extracted azimuth angle (or its 
supplement) is the meridian angle of the body. Note that the tables are always entered 
with latitude of same name as declination. In north latitudes the tables can be entered 
with true azimuth as LHA. 

If the respondents are extracted from above the C-S Line on a right-hand page, 
the name of the latitude is actually contrary to that of the declination. Otherwise, 
the declination of the body has the same name as the latitude. If the azimuth angle 
respondent is extracted from above the C-S Line, the supplement of the tabular value 
is the meridian angle, t, of the body. If the body is east of the observer’s meridian, 
LHA=360°—t; if the body is west of the meridian, LHA=t. 


| 
i 
| 
I 
| 





Problems 


2210a. During morning twilight on June 3, 1975, the GMT 1825 (June 2) DR po- 
sition of a ship is lat. 26°21'4N, long. 157 °17/2E. 

Required. —The approximate altitude and azimuth of each first inagnitude star, 
and any planets, between altitudes 10° and 80°, using No. 2102-D. 


: slnswer.— 
Body h Zn 
Jupiter 35° 101° 
Mars 41° 111° 
Fomalhaut 32° 160° 
Altair 59° 242° 
3 Vega 50° = 301° 


, Deneb 67° 334° 


2210b. At the time and place of problem 2210a an unidentified celestial body is 
observed through a vreak in the clouds. Its sextant altitude is 21°0411 and its azimuth 
is 044°. 

Required —Identify the celestial body, using No. 2102-D. 

Answer.—Mirfak. 

2210¢. The dead reckoning latitude of a ship is 25°06/4S. Two stars are observed 
in quick succession, as follows: 


I 


= Star k Zn 
Antares 57° 100° 
= Unidentified 52° 337° 





Required —Identify the unknown celestial body, using No. 2102-D. 

sAnswer.— «Virginis. 

2213. On June 2, 1975, the 1725 DR position of a ship is lat. 41°27/3S, long. | 
158°36'9E. About this time the navigator observes two unknown celestial bodies ! 
through breaks in the clouds, as follows: (1) GMT 6"24"15*, hs 16°34/9, Zn 334°; ° 
(2) GMT’ 6°25743", hs 20°26'0, Zn 334°. The second body appears to be of the first 
magnitude. 


<inswers.—(1) Pollux, (2) Yenus. 
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Required —ldentify the unknown celestial bodies, using Pub. No. 214. 7 
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CHAPTER XXIII 
THE PRACTICE OF MARINE NAVIGATION 


2301. Introduction.-—In the preceding 22 chapters, dead reckoning, piloting, and 
celestial navigation are discussed separately. In this chapter the interrelationship of 
the various elements of navigation, including radionavigation, are di.cussed. However, 
the most important element of successful navigation cannot be acquired from this 
book—nor from any book or instructor. The scence of navigation can be taught, but the 
art of navigation must be acquired. Modern navigation is a blending of the two—a 
scientific art. The truly successful navigator is une who supplements his knowledge 
with judgment. utilizing every opportunity to improve his judgment through experi- 
ence. Even with knowledge and judgment, the navigator cannot expect to be fully 
reliable unless he is eiert, constantly evaluating the situation as it develops, avoiding 
dangerous situations before they arise, or recognizing them if they do occur, and always 
keeping “ahead of the vessel.”? The clements of successful navigation, then. are knowl- 
edge, judgment, and alertness. To the person possessing theso, navigation can be a pleas- 
ure. A person who tries to navigate without them is at best a doubtful asset. He may 

~ be a menace to his vessel and shipmates. 

It is not wise to attempt to reduce navigation to a series of steps that can be followed 
mechanically. The methods and techniques to be used are those which are applicable 
to tho type of vessel. the equipment available, the ticining and experience of the 
navigator and any assistants, the local situation, ete. The navigation of a small craft 
proceeding up the Choptank River, for instance. might be quite different from that of an 
ocean liner entering New York harbor. Both might differ from the navigation of a 
naval vessel approaching an assigned anchorage. Tt is important that a navigator 
make an “estimate of the situation” and use the methods and techniques that are best 
adapted (o the conditions at hand. 

The discussion that follows is generally applicable to any vessel under average 
conditions, but is written primarily for an average ship which might be planning and 
executing an ocean voyage. 

2302. Advance preparation.—The initial planning for an ocean passage includes 
careful stady of the Sailing Directions (Planning Guide) and inspection of charts of 
appropriate scale with the objective of determining the route, the conditions expected 
to be encountered, ane the speed of advance required if the passage is to be completed 
by a predetermined time. This planning may utilize the services of ship weather routng 
(ch. XXIV). 

As the planning progresses, the navigetor obtains an overview of the passage. 
When the planning is completed, the navigator has developed the intended track 
based upoa prudent consideration of: (1) the capabilites and limitations of navi- 
gational methods and svstems to be employed; (2) navigational hazards: and (3) the 
possibility of equipment failure aud human error. The detailed plauning for the approach 
and entry at the destination is usualiy deferred antil some time during the transit 
but before making landfall. 

Before getting underway, the navigator should familiarize himself with his equip- 
ment Any defective or questionable instruments should be repaired or replaced. The 
necessary charts and publications should be on hand. If the voyage is to extend beyond 
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642 THE PRACTICE OF MARINE NAVIGATION 


the time range of any publication, such as an almanac or tide tables, the volume for the 
next period should be included, cr provision should be made to sequire it before the 
expiration date of the current volume. Charts and light lists should be checked to see 
that they have been corrected through the lastest Notice to Afariners. 


When all equipment is on hand and in suitable condition, the navigator should | 


study his charts and publications. He should determine which soundings are in feet, 
which in fathoms, and whether other units are used. It is good practice to underline 
or circle with a colored pencil the statement of units as given on each chart. The 
various notes on the chart should be read, and applicable ones marked. The latitude 
and longitude scales should be observed and the units noted. The channels, currents, 
shoals, aids to navigation, and natural landmarks should be studied so that the general 
arrangement is familiar. Useful natural ranges should be located and marked. Where 
needed, turning bearings, danger angles, and danger bearings should be determined. 

The tides and currents to be encountered should be determmed from the tables and 


charts. ‘the advice and warnings given in coast pilots or sailing directions should be . 


read and pertinent parts marked or copied out. The light list should be studied, and 
the ares of visual range for the usual height. of eve drawn in. Characteristics, including 
shape and color of the structure, should be written on the chart, if not printee there, or 
in a notebook, to assist in identification. Useful radar targets, radiobeacons, Loran 
rates, ete., should be noted if equipment to utilize them is available. If a danger sound- 
ing is useful, it should be drawn in. The bottom configuration should be studied for 
distinctive features that will prove helpful in Iccating the position of the vessel, or 
keeping it in safe water. If foreign charts are to be used, the syinbols should be 
understood. 

The extent of the preliminary study depends somewhat upon the navigator’s 
previous knowledge of the area. But however familiar he may be with local conditions, 
the navigator should not overlook the need for checking his equipment to be sure it is 
complete and up-to-date, nor to refresh his memory regarding critical items of informa- 
tion. The prudent navigator leaves nothing to chance and assumes nothing that can be 
verified, 

In pilot waters with limited maneuvering space, the desired track might well be 
plotted in advarice, and the predicted tine between buoys, turns, ete., determined. 
Where repeated runs are made over the same routes, the entire track may be plotted 
in ink. Courses, distances between lights, visual range ares, and other useful informa- 
tion might be prominently indicated. When this practice is followed, a positive routine 
should be set up to apply corrections and to bring these to (he attention of all concerned. 

2303. Getting underway.—Shortly before the ship gets underway the necessary 
chart . publications, and plotting equipment should be placed on the chert table. A 
check should be made to be sure that all marks (except those permanently plotted in 
ink or colored pencil) reiating to a previous voyage have been erased from the charts, 
The navigator's binoculars should be checked to see that they are properly secured in 
their accustomed place on the bridge. The gvrocompasses should be started sufficiently 
in advance to insure propor operation, and should then be compared with the repeators 
and the magnetic compass on the bridge. Gyro error should be determined before getting 
underway. Tho deviations of the magnetic compass may be unusually high because of 


<o eA oe - aee tNRAN SNELL AES ANA MMMM NLA LAIR ee 


aoe 


cranes, cables, ete. A chesk should be made to see that the latest deviation (ables are | 


available, and that magnetic gear has not been left nev. the compass. Azimuth circles 
and peloruses should be in place and checked. The standard and emergency steering 
goar should be checked, as well as communication and signalit z equipment, If practical, 


the mechanical jog and electronic eouipment such as radar, Loran, radio direction finder, | 


and echo sounder sbould be started and checked. Radar and echo scunder errors should 
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be determined prior to getting underway. The hand load should be placed at a conveniont 
location ready for immediate use. The anchor windlass should be tested. The sextant, 
chronometers, almanac, and tables should be checked to see that they are in their 
proper places. It is good practice for the navigator to prepara a check-off list to insure 
that nothing is overlooked. The checks should be made carefully by a responsible person 
who reports the results to the navigator. 

Before getting underway the navigator shouid see that ail navigational personnel 
are at their assigned stations and that each understands his duties. Aboard naval ves- 
sels a piloting team (normally composed of the navigator, plotter, recorder, bearing 
observers, echo sounder operator, and others) is usually employed when transiting 
restricted waters. Aboard merchant vessels in the same circumstances, the navigation 
may be performed by no more than the mate on watch and the helmsman. In any event, 
it is good practice to acquaint each person with the general plan of operation, for an 
informed person is less likely to make mistakes, and more likely to detect mistakes 
made by others. 

2304. Leaving port.—-In a harbor, the largest. scale chert <' ald be used for greatest 
accuracy and detail. The dead reckoning should be started as soon as the vessel 
steadies on its first course. Uf the desired track has not been plotted in advance, the 
dead reckoning is run ahead a short distance. In either event, the predicted time of 
arrival at the next turning bearing, or of passing the nev¢ aid to navigation is recorded 
on the chart. Predicted times of arrival at. various points are of great importance in 
interpreting the information received and in avoiding dangerous situations. It is good 
practice to use all available information, and not rely solely upon a single aid. A good 
position should be maintained at all times. Fog may set in rapidly end without warning, 
obscuring landmarks before a round of bearings can be observed. Lights should be 
timed and identified by their characieristies. Ata distance, the color and shape of 
buoys may not be apparent Sometimes a sailboat can be mistaken for a buoy. Buoys 
may be out of position. Bearings and ranges on fixed objects are better than on floating 
aids which do not remain at fixed points. Soundings should be taken continuously in 
the vicinity of shoal water. It is gocd practice to check the compass and radar at con- 
venient opportunities, as when on 1 range or passing between two headlands. Ranges 
are of great value for checking position or keeping on the desired track, and should be 
used whenever available. 

By skillful navigation, one may be able to save many miles of stean.ing. However, 
it is possible to allow insufficient margin of safety Th» navigator should always keep 
in mind the possibility of failure of some item of equipment, unexpected fog, or the 
need for maneuvering room if another vessel approaches too close. He should remeiber, 
too, that in pilot waters currents may be strong and variable. 

A de!..:ted record should be kept in a notebook. Entries should be made showing 
bearings wid ranges, important soundings, all changes of course and speed, the times 
of passing important aids to navigation, and other pertinent information. The record 
should leave nothing in doubt, indicating whether bearings .re true or by magnetic 
compass, whether soundings are in feet, fathoms, or meters. This record is useful in 


preparing the ship’s log, providing guidance for future runs over the same area, 2-tablish- , 


ing position if fog sets in, and in providing an acceptable record if the vessel experiences 
a mishap resulting in a leter investigation. 

wyN . o 8 

The chart, also, should presenta neat and intelligible record of the passage. Course 
lines and lines of position should be drawn boldly and neatly, and should be no longer 
than needed. Standard labels should be used wherever they contributes .o an wnderstand- 
ing of the plot. They should be so placed and worded that no doubt is Jeft as to their ap- 
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plicability and meaning. If possible, Jines and Jabels should not be drawn through 
chart symbols. 

Outside the harbor, if the course is parallel to the coast, there may be advantages in 
remaining close enough to utilize major eids to navigation and other landmarks. How- 
ever, a set toward the beach, particularly off the entrance to an estuary, can endanger 
tha safety of a vessel. Many ships have grounded because a course was set too close 
to off-lying dangers. 

2305. Taking departure.— When a vessel reaches the open sea and is about to leave 
the land astern, a last accurate position is obtained by means of landmarks available. 
This process is called taking departure. It marks the end of piloting and the beginning 
of the next phase of the navigation. The work of the navigator becomes less hurried, 
and fixes are obtained less frequently. Soundings become of less interest. The hand - 
lead .s secured. The position may be transferred from the chart to a plotting sheet. | 
Courses and speeds will be maintained over relatively long periods. The sea routine 
begins. i'ven if the vessel is to follow the coast, it generuily does so at such a distance 
that danger is some distance away, and fixing is an intermittent process rather than a 
continuous one. 

2306. Navigation at sea, like piloting, varies somewhat from vessel to vessel 
depending upon the equipment available and tb. 11 lividual preferences of the navigator. | 
A daily routine, called the day’s work, is estabi: .ed by the navigator and carried out | 
with such variations as dictated by circumstances. While details vary with the navi- | 
gator, a typical minimum day’s work is. 

1. Plot of dead reckoning throughout the day. i 
2. Observation and reduction of celestial observations for a fix during morning | 

' 
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twilight. 

3. Winding of chronometers and determination of chronometer error. 

4. Observation of the sun for a morning « nline (on or near the prime vertical if 
made at about the same time as 5). 

5. Azimuth of the sun for a compass check, commonly made at about the same 
time as a morning sunline observation. This may be tn amplitude observation at 
sunrise. 

6. Observation of the sun at or near noon. This is crossed with a morning sun- 
line, advanced, or with an observation of the moon or Venus to obtain a noon (ZT 1200) 
position. 

7. Computation of the day’s run (noon to noon, or midnight to midnight). 

8. Observation of the sun during the afternoon (on or near the prime vertical! if 
made at about the same time as 9). This is primarily for use with the advanced noon 
sunline, or with # moon or Venus line, if the skies are overcast during evening twilight. 

9. Azimuth of the sun for a compass check. This is commonly made at about the 
same time as an efternoon sun observation, but may be an amplitude observation at 
sunset. 

10. Computation of the time of sunset, sunrise, and twilight, and preparation of 
a list of stars and any planets in favorable positions for observation during each twi- 
light period, with the approximate altitude and azimuth of each body. 

11. Observation and reduction of <clestial observations for a fix during evening 
twilight. ' 

12. Computation of the time of moonrise and modnset (if required). 

13. Use of Loran and any other availabic radionavigation aid on a regular schedule, | 
as every hour. 

The list of celestial bodies available for observation is customarily prepared with 
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the xid of a star finder such as No. 2102-D (art. 2210) or volume I of Pub. No. 249. = 
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This list is particularly helpful during evening twilight, when one desires to know where 
to look for the brightest stars or planets before the general pattern of stars becomes 
visible. Some navigators list or make a simple plot of the relative azimuths of the bodies, 
to assist in locating them. The brightest bodies may be visible at about the time of 
sunset, or even a little before. 

In general, it is good practice to observe the brightest bodies as they appear in 
the evening, while the horizon is clear and sharp, and the dimmest first in the morning, 
before they fade from view. Cloud cover permitting, the normal practice of navigators 
is to observe stars in the eastern sky first. During morning twilight the eastern horizon 
becomes clearly defined first due to the rising sun; the dim stars above this horizon 
fade from view first because of the brighter eastern sky. During evening twilight the 
eastern horizon becomes indistinct first due to the setting sun, dictating observation of 
stars above this horizon first. Also, during evening twilight the bright stars in the 
darker eastern sky will be visible first. 

Several observations should be made cf each body, each sight being taken quickly 
to avoid eye fatigue. In general, it is better to use one good observation than to average 
several of questionable accuracy. At least five or six bodies should be observed. If the 
four most favorably situated ones provide a good fix, additional sights need not be 
reducec, but if doubt remains, information for obtaining additional lines is available. 
It is better to observe bodies all around the horizon than in the same semicircle. Thus, 
three bodies separated by 120° are better than three separated by 60°, for in the former 
case any constant error in altitude will be neutralized. 

If a comparing watch is used, it should be compared with the chronometer or a 
time tick every time celestial observations are made. The index correction should be 
determined each time the sextant is used. If the horizon is used for this purpose, the 
measurement should be made before evening twilight observations and after morning 
twilight observations, while the horizon is sharp. If the horizon is not equally sharp 
in all directions, the best part should be used. 

When skies clear after a prolonged period of overcast, or when clouds threaten to 
obscure the heavens, additional observations should be made, if available. During 
the day a scries of sunlines might be obtained and advanced to a common time, or the 
moon or Venus might be available at a favorable azimuth. Sometimes observations 
ean be made during the night, either by use of moonlight to illuminate the horizon, or 
by dark-adapting the eyes. At this time the moon, and bodies having an azimuth nearly 
the same as the moon, should be avoided because of the probability of false horizons 
on the illuminated water. 

Sights may be reduced by any reliable method. The one most widely used by 
mariners is Pub. No. 229, used in conjunction with the Nautical Almanac. If a check 
is needed, a good practice is to use a different method and a different almanac, so tnat 
mistakes «ll not be repeated. 

Before the development of modern sight reduction methods, celestial navigation 
was largely a matter of determining latitude by observation of bodies on or near the 
celestial meridian (including Polaris) and longitude by observation of bodies on or near 
the prime vertical. Longitude was computed by time sight. Frequently, this method 
of navigation was inconvenient. Often it produced misleading results, as when a uorth- 
south “longitude” line was used instead of the true line of position which might differ 
in direction by as much as 30° or more. Errors were introduced when an incorrect 
longitude was used for solving a reduction to the meridian, or an incorrect latitude for 
solving a time sight of a body some distance from the prime vertical. The use of azimuth 
with a time sight was an improvement, but was not well adapted to observations of 
celestial bodies near the ceiestial meridian. ‘The modern navigator is freed from these 
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restrictions. He is abe to obtain a line of position extending in the correct: direction 
almost any time a celestial body can be observed. He places no special significance 
upon latitude and longitude lines, and solves all sights by a common method of sight 
reduction. 

It is good practice to use a workbook for the various solutions made at sea. This 
provides u valuable record which may be of inestimable value in the future. Entries 
should be neat, orderly, and intelligible to another navigator. All original data and 
computations should be included. The use of standard work forms is recommended. } 
They are considered adequate but, for sight reduction of celestial observations, there 
is merit in using a form which uses a single column, so that several sights can be re- 
duced in parallel columns. The des¢ form for anyone to use is one he thoroughly under- 
stands and finds Jogical and least confusing. If an alteration in a work form reduces: 
the number of errors made. it is a desirable change. Because of the difference of opinion | { 
among marine navigators, and the tendency to follow mechanically an established | 
form without fully understanding the principles involved, a work form standardized 
for all navigators is probably undesirable, although such is widely used by air navi-! 
gators, who use celestial navigation somewhat intermittently. When one has estab- | 
lished the work forms he desires to vse, he can have a rubber stamp made, or have | 
the forms reproduced by printing. The former is probably preferable because it per- 
mits use of a bound workbook. However, printed forms can be punched for retention j 
in a looseleaf binder. 

At sea it is good practice to run the dead reckoning from fix to fir, determining § : 
set and drift of the current at each fix. The use of single lines of position and current 2 
to establish estimated positions is a matter of judgment. The ability to predict the 
difference between dead reckoning positiors and fixes, which ability may be developed 
when the need is not apparent, can serve as a valuable asset when fixes are not availabie. 

In the U.S. Navy, the best position available is recorded in the log at 0800, 1200, and 
2000. A typical plot of part of a day’s run at sea (omitting possible radionavigation 
fixes) is shown in figure 2306. 

It is good practice to compare the gyro repeaters with the steering magnetic 
compass each half hour and after each change of course at sea, to detect any discrepancy 
which may arise through malfunction. In mcking the comparison, one should not ¢ 
overlook changes in variation and deviation. The master gyrocompass should be 
compared with its repeaters from time to time. 

One of the duties of the navigator is to inform the captain of the expected time | 
of crossing time zone boundaries. The change of time is usually made at a convenient | 
whole hour near the time of crossing a boundary, or during the night. Aboard some | 
merchant ships the change is distributed equally through several watches, as 20 minutes | 
during three consecutive watches. | 

It is common practice for the captain to maintain a night order book. Standing 
orders such as the conditions under which the captain is to be called, and the admonition ; 
to keep a sharp lookout, are usually given on the inside front cover. The orders for’ 
each night, if any, are recorded in ee over the captain’s signature. They include 
items such as courses to be steered, speeds to be used, times and bearings of lights‘ 
expected to be sighted, and any other pertinent navigational information. The BeNERO 
provides the captain with such information as he may require. 

2307. Landfall.—After a vc cyage at sea, the first contact with land is of songaeveble: : 
importance. The accuracy with which Lne pre‘licts the time and place of sighting land 
depends upon the accuracy of navigation. If consistent radionavigation fixes have been 
obtained at frequent intervals, and these positions are confirmed by a recent fix from 
celestial observations or other information, the prediction should be highly accurate. “a. 
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landfall. 

Often the approximate distance offshore, if not the position, can be determined 
by means of soundings. Along most of their coasts the continents have a continental 
shelf (art. 3022) of relatively shoal water extending outward for a varying distance. A 
similar island shelf extends outward from many island groups. At the outer edge, 
called the continental slope (or island slope), a sharp increase in depth occurs. This is” 
often at about the 100-fathom curve. Therefore, the crossing of this curve is often quite 
abrupt, and gives information on the distance offshore. The position of this and other 
depth curves may be indicated on the chart. : 

The place of making landfall has a definite relationship to the safety of the vessel, 

: particularly in an arca where shoaling is not uniform along the beach. For some time 
before making a landfall in such an area, it may be advisable to maintain both a dead 
reckoning and estimated position plot. The best obtainable position should be deter- 
mined. Methods which are acceptable a thousand miles from land may not provide 

= sufficiently exact data when a landfall is expected. 

Only judgment, based upon existing circumstances, can determine the existence 
of a dangerous situation. If the water has shoaled to a dangerous degree, for instance, 
and the position of the vessel is seriously in doubt, one may have no recourse but to 
stand off or anchor and await daylight, improved visibility, or better information. 

When contact is made with Jand, the first step should be to identify the point of 
contact. The anticipated point of making contact should be of assistance, but one 
should be alert to the possibility of similarly appearing land at other points within a 
reasonable distance on each side. The position of the vessel relative to land might be 
established even before land is sighted. Soundings, radio bearings, and radar may be 
used for this purpose. 

2308. Entering port.—Before entering port, the navigator should have reliable 
information regarding the draft of his vessel. He should also have a reliable position 
relative to the land. Preparations for entering are similar to those for getting under- 
way. The tide and tidal current tables, light list, coast pilot or sailing directions, and 
charts should all be broken out and studied so that one is familiar with conditions to 
be encountered. The time of entering might be selected to take advantage of favorable 
currents, and to arrive at the assigned berth at slack water. One should have a mental 
picture of what to expect when approaching from seaward under the anticipated con- 
ditions of lighting and visibility. The characteristics of all aids to navigation by day 
or night, as appropriate, and fog signals should be known or immediately available. ; 
In -ntering a strange port the navigator should carefully select the most suitable aids — 
to use, with substitutes if these prove inadequate. or if there is any doubt as to their 
identity. Useiul ranges, natural or artificial, should be noted. Danger bearings and | 
danger circles should be drawn in and labeled, if this has not already been done. A 
danger sounding should be selected and drawn on the chart, if needed. Any shoal ; 
areas, wrecks, areas of unusually swift current, etc., should be noted. 

The courses to be steered and the distance on each should be determined and 
recorded, or drawn and labeled on the chart. The identification of each turning point 
should be indicated. Definite courses should be steered, and changes made only 
when established positions indicate a departure from the planned track, or when 
necessitated by traffic. Course changes should occur at preselected points having 
definite identification. The position should not be permitted to be in doubt at any 
time, 2ven in ports which are familiar to the navigator and considered easy to enter. 
Most avoidable groundings are caused by erroneous assumptions which should have 
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information available. This may seem to be an unnecessary refinement, but in an 
emergency a position might be needed at a time when it cannot be obtained. When 
changes of course are ordered, it is good practice to indicate the amount and direction of 
change, or the new course, to avoid the possibility of having one’s attention diverted at 
the moment the order should be given to check the swing or steady on the new course. 
In general, course changes are best made when a given aid to navigation or other 
landmark is abeam, or when the ship is on a range. 

If it becomes necessary to pass between visible dangers without suitable marks for 
obtaining fixes, a track midway between dangers can be followed by eye more accurately 
than one closer to either side. If a vessel is to pass near reefs or shoals, it is sometimes 
possible to observe these from a position aloft, particularly if the sun is astern. 

The actual navigation while entering port is similar to that when leaving port. 
A typical plot in pilot waters is shown in figure 2308. The entering of pilot waters 
should be accompanied by a mental reorientation and an increased alertness. The use 
of a local pilot, unless this is a mandatory requirement, is a matter which sLould be 
decided in each case. Whether or not a pilot is used, local harbor regulations should 
’ be followed, for the presence of a pilot does not relieve the master of his responsibility. 

One should not forget to note the time of entering the area where local or inland rules 
of the road apply. 
Speed in the vicinity of wharves, construction work, dredges, small boats, etc., 
should be careiully controlled to avoid damage to them. 
If the ves +1 anchors, the anchorage should be selected carefully, considering local 
4 ~ regulations as well as suitability and safety, including the holding qualities of the bot~ 
* tom. If there is any doubt es to the depth of water, a boat might be sent in ahead to 
take soundings. If space is limited, the approach to the anchorage should be pianned 
_ and executed carefully. As soon as the anchor is let go, the position should be deter- 
mined accurately. Bearings of a number of prominent landmarks and lights should be 
measured and recorded, as a guide in determining whether or not the vessel drags 
anchor. A drag circle is helpful. Using the rosition of the anchor as its center, the 
drag circle is constructed with e radius equel te the scope plus the distance from the 
hawsepipe to the point of obstrvation, A swing circle, with radius equal to the scope 
plus vessel’s length, may also be helpful. 

2308. Fog.—During periods of reduced visibility, the navigater’s work is more 
difficult. At sea he is prevented from making celestial observations. Even when the 
fog is so shallow that celestial bodies are visible, the horizon is not available as a refer- 
ence. An artificia!-horizon sextant may prove of some value at such a time, but unless 
the sea is almost a flat calm, the results are likely to be less reliable than the dead 
reckoning. Radio aids to navigation are affected little by fog. Unless the vessel is 
approaching land, there is generally no cause for concern regarding the navigat‘un, the 
principal danger being one of colli:icn with other vessels. Usually the navigator merely 
waits for the fog to lift. 

When a coast is approached, however, a wait may be impractical. The safety of 
the vessel requires reliable positional information. Along a coast where the shoaling 
is gradual, the echo sounder can be of great assistance in indicating the distance off. 
But along a coast having abrupt shoaling, the first indication of shallow water may be 

obtained so close to the beach that action to avoid grounding is not possible. If radio 
} aids such as Loran, radio direction finder, and radar are available, they can provide 
“ . useful information. If the vessel is near enough to a saore with steep cliffs, the echo of 
the vessel’s whistle may provide indication of the distance off. 

The decision of whether to enter a fogbound harbor should be made carefully. 
Once committed to the channel, the vessel may have no alternative but to continue on 
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LEGEND 
A. B. C — Points on intended track (TR) 


0800 R — Plenned time on arrival at A is 
10M O800 R. distance to destination is 
10 nautical miles. 
0824 R — Planned time of arrival at B is 
6M 0824 R: distance to destination is 6 
nautical miles. 


NLT 005 — During entry the light on the east- 
ern shore shculd not bear less 
than 005°. 


NMT 065— Curing entry the beacon on the 
southeastern edge of the shoal 
should not bear more than 065°. 
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Figure 2308.—Typical plot in pilot waters. 
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to the anchorage or wharf, for in some areas there is not room to turn back, and anchor- 
ing ie unsafe. It is sometimes wiser to stand off or anchor for a few hours than to risk 
danger of grounding or collision. 

If the decision is made to enter, one should be prepared for any reasonable eventu- 
ality. The proximity of danger and the presence of currents make necessary the main- 
tenance of a good position at all times. Fog limits the number of objects that can be 
used for fixing position, and destroys the overall view cf the area. The radio direction 
finder and radar, both shipborne and shore-based, have dene much to reduce the hazard 
due to fog, but they have not eliminated it. The need for special precautions and 
increased vigilance is still present. 

During periods of reduced visibility the practice of steering exact courses, with 
precise changes at definite points, is of great assistance in pilot waters. If the vessel 
is following a channel, each buoy should be located successively. If the fog is dense, 
this requires careful steering and attention to all details, such as indications of current, 
changes of wind, etc. If a single buoy is missed, consideration should be given to an- 
choring and waiting for improved visibility. 

With the possible exception of radar, the most important navigational sid during 
fog in pilot waters is the echo sounder or hand lead. Continuous soundings, compared 

- with the chart, can provide valuable information on the position and safety of the 
vessel. The decision as to whether to plot a line of soundings on transparent material, 
or along the edge of a piece of paper, and compare this with the cbart is a matter of 

_ judgment. In general, the procedure is valuable when approaching a harbor or pro- 
ceeding in an open part of a large bay, but in a channel or other restricted waters the 
method is not needed and might prove distracting. 

During fog one should keep a sharp lookout for any objects that might appear 
momentarily through thin places in the fog. It is well to have a lookout stationed 
aloft, and another in the bow, for the . :sibility may vary with height. 

The lookouts and all persons on the bridge should listen intently for fog signals. 
As soon as such a signal is heard, an effort should be made to identify its source and 
determine its bearing. However, experience in the use of sound signals indicates that 
they are not wholly reliable. In, ~ticular, relative intensity of a sound is not a reliable 
indication of its distance, or whether the distance is increasing or decreasing. A signal 
may be totally inaudible in certain areas close to its source. Neither is its apparent 
direction always a correct indication of its actual direction. A fog signal may no’ be 
in operation when fog is present a short distance from a station but is unobserved from 
it. Transmission of sound through water is subject to uncertainties due principally to 
differences in density in different parts of the sea, causing the sound to be deflected. 

It is well to remember that at reduced speed the relative effect of current is cor- 
respondinglv greater, since the effect of current is proportional to time, not to the 
speed of the vessel. 

2310. Navigation of smali craft—In principle, the navigation of small craft is 
the same as that of a large ship, but because of the shallower draft, greater maneuver- 
ability, and possibie limitations of equipment of small craft, ihere are important dif- 
ferences. Small craft spend most of their time within sight of laid, where navigation is 
largely a matter of piloting. They generally skirt the beach close enough to be able 
to reach safety in case of storm or fog, and since most of them are used primaril$ for 
pleasure, there is a natural tendency for the navigation to be a less continuous process 
than in larger craft. t i 

The equipment carried and the type of navigation emploved depend primarily pon 
the use of the craft and the preference of the user. If a rowboat, canoe, cr small sailboat a 
is‘to be used only close to the shore in good weather, “seaman’s eye” might be sufficient oe 
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for all navigational purposes. But if there is any possibility of the craft being out in a | 
fog, or proceeding to greater distances from shore, fog-signaJling apparatus, a somipesse | i 
and some means of taking soundings should be carried. i 

A wide variety of equipment is available for yachts, and from this, suitable items: 
can be selected A minimum list should include a compass, pelorus, charts, plotting 
equipment (many types are available), means for determining speed or «stance, log 
book, tide and tidal current tables, light list, coast pilot or sailing directions, hand lead, 
binoculars, flashlight, and fog-signal apparatus. A barometer and thermometer are 
useful. 

Several items of electronic equipment, some of which are relatively inexpensive, 
are available for use in small craft, to aid in naviration and increase safety. The principal 
item of radic equipment, from the standpoint of safety, is a marine radiotelephone, 
which in addition to providing normal communication to other boats and the shore, 
permits the boat carrying it to call for help in distress, and assists in the location of the 
distressed vessel. The radio direction finder is a simple device requiring little power, an 
important factor on small craft. A multiband direction finder may be used as a second 
receiver in the broadcast and radiotelephone bands. Portable broadcast receivers permit 
reception of weather information on even the smallest boats. For larger craft, where 
ample power is available, radar and Loran may be good investments. In addition, every 
small craft should carry e corner reflector (art. 4201), so as more readily to refiect radar 
signals. In an emergency a metal bucket might be of some value as a reflector. 

If the craft is to proceed out of sight of land for more than short intervals, celestial 
navigation equipment should be carried. This includes a sextant, an accurate timepiece, 
an almanac, sight reduction tables, and perhaps a star finder. If there is doubt as to 
advisability of including some item of equipment, the safer decision is to include iv. It 
is better to have unused equipment than to risk darger of becoming lost because of 
lack of needed equipment. 

The practice of navigation in small craft varies even more widely than the equip- 
ment carried. The variation extends from complete navigation similar to that of a large 
ocean steamer to no navigation other than by eye. The completeness of the na‘ .gation 
should fit the circumstances. There is an understandable tendency among small craft 
navigators of limited experience to underestimate the need for thorough and complete | 
navigation. In general, it is good practice for the navigator of a small creft to establish | 
the routine of always following definite courses from buoy to buoy or from landmark to ‘ 
landmark, sc that the sudden onset of low visibility will not find him unable to proceed 
to safety without delay. He should change course at established points, maintain knowl- 
edge of his position at all times, and have reliable information on the deviation of his 
compass. There is a place in small craft navigation for a complete, accurate, neat plot. 
Where this is impractical because of heavy weather or limited plotting space, a careful 
log and dead reckoning by table 3 should be substituted. 

The accounts given in yachtirz magazines, and the large number of cails for 
assistanc. received by the Coast Guard, indicate an inadequacy of the navigertion of 
many small craft. Part of this is due te a lack of appreciation cf the need for careful 
navigation. Much of it is due to lack of knowledge on the part of the small craft owner. 
The decision to omit some part of navigation should stem from knowledge, not igno- 
rance. To the adequately informed, navigation can be part of the pleasure of yachting. 
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CHAPTER XXIV 
SHIP WEATHER ROUTING 


2401. Introduction —Ship weather routing is a procedure whereby an optimum 
route is developed based on the forecasts of weather and seas and the ship’s characteris- 
tics for a particular transit. Within specified limits of weather and sea conditions, the 
term optimum is used to mean maximum safety and crew comfort, minimum fuel 
consumption, minimum time underway, or any desired combination of these factors. 

The ship routing agency, acting as an advisory service, attempts to avoid or reduco 
the effects of adverse weather and sea conditions on a ship by issuing initial route 
recommendations prior to sailing, recommendations for track changes while underway 
(diversions), and weather advisories to alert the commanding officer or master with 
respect to approaching unfavorable weather and sea conditions which cannot be 


. effectively avoided by a diversion, Adverse weather and sea conditions are defined as 
. those conditions which will cause a significant speed reduction or time loss, for example, 


Pees 


speed reduced by ono third or a lesser speed reduction causing a loss of at least 6 hours 
transit time. 

The initial route recommendation is based on a survey of weather and sea fore- 
casts between the point of departure and the destination and takes into account the 
hull type, speed capability, cargo, and loading conditions. The ship’s progress is con- 


. tinually monitored and, if adverse weather and sea conditions are forecast along the 


ship’s current track, a recommendation for a diversion is normally transmitted to the 
ship. By this process of initial route selection and continued monitoring of the ship’s 
progress for possible change in relation to the forecast weather and soa conditions 
along a route, it is possible to maximize ship’s speed and safety. 

In providing optimum sailing conditions, the advisery service also attempts to 
reduce transit time by avoiding the adverse conditions which may be encountered on 
a shorter route; or if the forecasts permit, diverting to a shorter track to take advantage 
of favorable weather and sea conditions. The greatest potential advantage for this 
ship weather routing exists when: (1) the passage is relatively long, generally about 
1500 miles or more; (2) the waters are navigationally unrestricted so that there is a 
choice of routes (alternatively, navigational restrictions are limiting but at the same 
time offer possible protection from adverse weather); and (3) weather is a factor in 
determining the route to be followed. 

The use of this advisory service in no way should relieve the commanding officer 
or master of responsibility for prudent seamanship and safe navigation. There is no 
intent by the routing agency to inhibit the exercise of professional judgement, capa- 
bilities, and the prerogatives of commanding officers and masters. 

Tho purpose of this chapter is to acquaint the mariner with the basic philosophy 
and procedures of ship weather routing as an aid to his understanding of the ship 
routing agency’s recommendations. This information should enhance his ability to 
determine the correct course of ection when encountering a hostile environment. 

2402. Development.—Today, ship weather routing uses modern weather fore- 
casting techniques and computer procedures to provide optimum routes, It has only 
been with the recent advent of extended range forecasting and the development of 
selective climatology that a ship routing system has been possible. The ability to effec- 
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SHIP WEATHER ROUTING 
tively advise ships to take advantage of favorable wind, seas, and ocean currents had } 
been hampered previously by forecast limitations and the lack of an effective com- 
municatious system with which to advise the commanding officer or master. 
Prior to World War II all development work was in the area of aata accumulation | 
and climatology. Benjamin Franklin, as deputy postmaster general of the British j 
Colonies in North America produced a vnart of the Gulf Stream from information ; 
supplied by masters of New England whaling ships. This first mapping of the Gulf! 
Stream helped improve the mail packet service between the British Colonies and 
England. In some passages the sailing time was reduced by as much-as 14 days over 
routes previously railed. In the mid-19th century, Lieutenant Matthew Fontaine 
Maury, USN, com: -led large amounts of atmospheric and oceanographic data from ° 
ships’ log books (art. 117). For the first time a climatology of ocean weather and 
currents of the world was available to the mariner. This information was used by : 
Maury to develop seasonally recommended routes for sailing ships and early steam 
$ powered vessels in the latter half of the century. In many cases, Maury’s charts were ; 
proved correct by the savings in transit time. On one trade route alone, the average 
transit time from New York to California around Cape Horn was reduced from 183 
days to 139 days with the use of his recommended seasonal routes. 
In the 1950’s the concept of ship weather routing was put into operation by several 
private meteorological groups and by the U.S. Navy. By applying the available surface 
5 and upper air forecasts to transoceanic shipping, it was possible to effectively avoid 
much of the heavy weather while generally sailing shorter routes than previously. 
: Optimum Track Ship Routing (OTSR), the ship routing service of the U.S. Navy, 
o% : utilizes short range and extended range forecusting techniques in the route selection 
and surveillance procedures. The short range dynamic forecasts of 3 to 5 days are 
derived from the meteorological primitive equations. These forecasts are computed 
twice daily from a data base of northern hemisphere surface and upper air observations, 
and include surface pressure, upper air constant pressure heights, and the spectral wave 
values. A significant increase in data input, particularly from derived satellite informa- 
tion over ocean areas, can be expected to extend the time period for which these forecasts 
are useful. 

For extended range forecasting, generally 3 to 14 days, a computer searches a 
library of historical northern hemisphere surface pressure and 500 millibar analyses 
for an analogous weather pattern. This is an attempt at selective climatology by match- 
ing the current weather pattern with past weather patterns and providing a logical 
sequence-cf-events forecast for the 10- to 14-day period following the dynamic forecast. 
It is performed for both the Atlantic and Pacific Oceans using climatological data for ' 
the entire period of data stored on tape (30 years in use in 1977). For longer ocean ' 
transits, monthly climatological values of wind, seas, fog, and ocean currents are used } * 
to further extend the time range. aon 

Aviation was first in applying the principle of minimum time tracks (MTT) to a 
changing wind field. But the problem of finding an MTT for a specific flight is much 
simpler than for a transoceanic ship passage. This is because aircraft flight time is only 

shee hours, while the ship transit time is usually 7 to 14 days or more. Thus, marine minimum . 
time tracks require significantly longer range forecasts to effectively develop a best 
weather-least cost route. 

Automation has enabled ship routing agencies to develop realistic minimum time 

{ tracks. Computation of minimum time tracks for proposed transits or ships already 
-e * underway makes use of: 
1. a navigation system to compute route distance, time onroute, estimated times 
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of arrival (ETA’s), and to provide 6 hourly DR synoptic positions for the range of the 
dynamic forecasts for the ship’s current track; ; 
2. a surveillance system which surveys the environmental factors of wind, seas, 
fog, and ocean currents obtained from the dynamic and climatological fields; 
3. an environmental constraint system imposed us part of the route selection and 
“ surveillance process. Constraints are the upper limits of wind and seas desired for the 
transit and are determined by the ship’s loading, speed capability, and vulnerability. 
:The constraint system is an important part of the route selection process and acts as a 
warning system when the weather and sea forecast along the present track is such that 
the ship is expected to transit an area which exceeds those predetermined limits; 
4. ship performance curves, or speed curves, used to approximate ship’s speed of 
advance (SOA) while transiting the forecast sea states. 
Ship weather routing services are being offered as an aid to shipping by the govern- 
ss ments of many nations. These include Japan, United Kingdom, Union of Soviet Socialist 
Republics, Netherlands, Federal Republic of Germany, and the United Stetes. Also, nas 
several private firms provide the service to shipping industry clients. 
2403. Ship and cargo considerations.—Ship and cargo cheracteristics have a sig- | 
nificant influence on the application of ship weather routing. Ship size, speed capability, 
and type of cargo are important considerations in the route selection process prior to 
sailing and the surveillance procedure while underway. These ship characteristic factors 
: help to identify the degree of vulnerability to potential adverse conditions and the 
; ship’s ability to effectively avoid the adverse weather and seas by diversion. 
: : Generally, ships with higher speed capability and less cargo encumbrances will 
' have shorter routes and be better able to maintain near normal SOA’s than ships with 
lower speed capability or cargos which may generate unfavorable ship motions resulting 
from wind and sea conditions. Some routes are unique because of the type of ship or 
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cargo. Avoiding one element of weather such as heavy head or beam seas to reduce es. 
pounding or rolling may be of prime importance. For example, a 20-knot ship with a - 
deck cargo may be severely hampered in its ability to maintain a 20-knot SOA in any Yee 
seas exceeding moderate head or beam seas because of the greater ship motions or other os 
effects resulting from the deck load’s characteristics. A similar ship without the deck ge 


load is not as vulnerable to these same or higher sea conditions and is able to nearly 
maintain the 20-knot SOA. In towing operations, a tug is more vulnerable to adverse 2 
weather and sea conditions, not only in consideration for the tow, but also because of 
its already limited speed capability and the difficulty in effectively avoiding adverse 
weather and sea conditions by a diversion. 
Ship performance curves (speed curves) are used ¢o estimate the ship’s SOA { 
while transiting the forecast sea states. The curves indicate the effect of head, beam, 
and following seas of various significant wave heights on the ship’s speed. Figure 2403 Meee 
is a perforraance curve prepared for an 18-knot vessel. : 
With the aid of the speed curves it is possible to determine just how costly a 
diversion will be in terms of the required distance and time. A diversion may not be 
aa necessary where the duration of the adverse conditions is limited. In this case, it may fee 
be better to ride out the weather and seas knowing that a diversion, even if able to 
maintain the normal SOA, will not overcome the increased distance and time required 
by the diversion. 
At other times, the diversion track is less costly because it avoids an area of adverse ca 
weather and sea conditions while being able to maintain normal SOA even though the 
distance to destination is increused. Based on input data for environmental conditions 
and ship’s behavior, route selection and surveillance techniques seek to achieve the Be 
> optimum balance between time and distance and acceptable environmental and sea~ 
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Figure 2403.—Performance curves for head, beam, and following seas (18-knot vessel). 


keeping conditions. Although speed performance curves are an aid to the ship routing 
agency, the response by “s to deteriorating weather and sea conditions is not 
uniferm. Some reduce sp mtarily or change heading sooner than others when 
unfavorable conditions are — suntered. Certain waves with characteristics such that 
the ship’s bow and stern are in successive crests and troughs present special problems 
for the mariner. Being nearly equal to the ship’s length, such wavelengths may induce 
very dangerous stresses. The degree of hogging and sagging may be more apparent to 
the mariner than to the ship routing agency. Therefore, adjustment in course and speed 
for a more favorable ride may be initiated by the commanding officer or master when this 
situation is encountered. 

2404. Environmental factors of importance to ship weather routing are those 
elements of the atmosphere and ocean that may produce a change in the status of a 
ship transit. In ship routing, consideration is given to wind, seas, fog, ice, and ocean 
currents. While all of the environmental factors are important for route selection and 
surveillance, optimum routing is normally considered attained if the effects of wind and 
seas can be optimized. 

The effect of wind speed on ship performance is in some respects difficult to deter- 
mine. In light winds (less than 20-knots), ships lose speed in headwinds and gain speed 
slightly in following winds. For higher wind speeds, ship speed is reduced in both head 
and following winds. This is due to the increased wave action and indicates the impor- 
tance of sea conditions in determining ship performance. In dealing with wind, it is 
also necessary to know the ship’s sail area. For example, high winds will have a greater 
adverse effect on a large, fully ioaded container ship than a large, fully loaded tanker of 
».milar length. 


Wave height is the major factor affecting ship performance. Wave action is ; 


responsible for ship motions that reduce propeller thrust. The relationship of ship 
speed to wave direction and height is similar to that of wind. Head seas reduce ship 
speed, while following seas inciease ship speed only slightly. In heavy seas, exact per- 
formance may be difficult to predict because of the adjustinents to course and speed for 
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SHIP WEATHER ROUTING 657 


shiphandling and comfort. Although the effect of sea and swell is much greater than 
wind, it is difficult to separate the two in ship routing. 

In an effort. to provide a more detailed description of the actual and forecast. sea 
state, Fleet Numerical Weather Central, Monteroy, California, uses the Spectral 
Ocean Wave Model (SOWM) for the U. S. Navy’s Optimum Track Ship Routing 
service. The spectral wave model provides energy values from 12 different directions 
(30° sectors) and 15 frequency bands for wave periods from 6 to 26 seconds with the 
total wave energy being propagated throughout. the grid system as a function of direc- 
tion and frequency. It is based on the analyzed and forecast. planetary boundary layer 
model wind fields and is produced for the Northern Hemisphere. For OTSR purposes, 
primary and secondary waves are derived from the spectral wave program, where 
the primary wave train has the principal energy (direction and frequency), and the 
secondary has to be 20 percent. of the primary. 

Fog, while not directly affecting ship performance, should be avoided as much as 
feasible in order to maintain normal speed in safe conditions. Extensive areas of fog 
during summertime can be avoided by selecting a lower latitude route than one based 
solely upon wind and seas. Although the route may be longer, transit time may be less 
due to not having to reduce speed in areas of very low visibility for safety considerations. 

Ocean currents do not. present a significant. routing problem, but they can bo a 
determining factor in route selection and diversion. This is especially true when the 
points of departure and destination are at relatively low latitude. The important 
considerations to be evaluated are the difference in distance between a great-circle 
route and a route selected for optimum current, with the expected increase in SOA from 
the following current, and the decreased probability of a diversion for weather and seas 
at the lower Intitude. For example, it has proven beneficial to remain equatorward of 
approximately 22°N for westbound passages between the Canal Zone and southwest 
Pacific ports. For eastbound passages, if the maximum latitude on a great-circle track 
from the southwest Pacific to the Canal Zone is below 24°N, a route passing near the 
axis of the Equatorial Countercurrent is practical because the increased distance is 
offset. by favorable current. Direction and speed of ocean currents are more predictable 
than wind and ssas, but some variableness is to be expected. Major ocean currents can 
be disrupted for several days by very intense weather systems such as hurricanes and 
typhoons. 

The problem of ice is twofold: floating ice (icebergs) and deck ice (art. 3826). If 
possible, areas of icebergs or pack ice should bo avoided because of the difficulty of 
detection and the potential for disaster. Deck ice may be more difficult. to contend with 
from a ship routing point of view because it is caused by freezing weather associated 
with a large weather system, While mostly a nuisance factor on large ships, it may 
cause significant problems with the stability of small ships. 

Generally, the higher the latitude of a route, even in the summer, the greater are 
the problems with the environment. Certain operations should benefit. from seasonal 
planning as well as optimum routing. For example, towing operations polewerd of 
about 40° latitude should be avoided in non-summer months as much as possible. 

2405. Synoptic weather considerations.—A ship routing agency should direct its 
forecasting skills to avoiding or limiting the effect of weather and seas associated with 
extratropical low pressure systems in the mid or higher latitudes and the tropical 
systems in low latitudes by route selection and diversion. Seasonal or monsoon weather 
is also a definite factor in route selection and diversion ia certain areas of the world’s 
oceans, 

Despite the amount of attention and publicity given to tropical cyclones, mid- 
latitude low pressure systems generally present more difficult problems to a ship routing 
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SHIP WEATHER ROUTING 


agency. This is primarily due to the fact that major ship traffic is sailing in the Jatitudes 
of the migrating low pressure systems and the amount of potential exposure to intense 
weather systems, especially in winter, is much greater. 

Low pressure systems weaker than gale intensity (winds less than 34 knots) are 
not a severe problem for most ships. However, a relatively weak system may generata 


prolonged periods of rough seas which are uncomfortable and may hamper normal work | 
aboard ship. Ship weather routing can frequently limit rough conditions to short periods | 
of time and provide mors favorable conditions for most of the transit. Relatively small ! 


ships, tugs with tows, low powered ships, and ships with sensitive cargoes can be 
significantly affected by weather systems weaker than gale intensity. Use of a routing 


agency, or at least giving careful attention to the latest weather information, is con- | 


sidered very prudent and can be beneficial. 
Gales (winds 34 to 47 knots) and storms (winds greater than 48 knots) are of such 
intensity that they generate very rough or high seas which force a reduction in speed 


in order to gain a more comfortable and safe ride. Because of the extensive geographic : 


area covered by a well developed, intense, low pressure system, once ship’s speed is 
reduced, the ability to improve the ship's situation is severely hampered. Thus, ex- 
posure to potential damage and danger is greatly increased. A recommendation for a 
diversion by a routing agency, well in advance of the intense weather and associated 
seas, will limit the duration of exposure of the ship to potential problems. If effective, 
ship speed will not be reduced and satisfactory progress will be maintained, even though 
the remaining distance to destination is increased. Overall transit time is usually shorter 
than if no track change had been made and the ship had remained in heavy weather. 
In some cases diversions are made to avoid adverse weather conditions and shorten 
the track at the same time. Significant savings can be the result. 

In very intense low pressure systems with high winds and long duration over a 
long fetch, seas will be generated and propagated as swell over considerable distances. 
Even on a diversion, it is difficult to effectively avoid all unfavorable conditions. Gen- 
erally, original routes for transoceanic passages issued by the U.S. Navy’s ship routing 
service are equatorward of the 10% frequency isoline for gale force winds for the month 
of transit as interpreted from the U. S. Navy Marine Climatic cAilas of the World. These 
are shown in figures 2405a and 2405b for the Pacific. To avoid the area of significant 
gale activity in the Atlantic from October to April, the latitude of transit is generally 
in the lower thirties. 

The areas and seasons and, to some degree, the probability of development of 
tropical cyclones are fairly well defined in climatological publications. In long range 
planning considerable benefit can be gained by limiting the exposure to the potential 
hazards of tropical systems. 

For routing in the North Pacific it has proven very heipful to provide -vutes 
which avoid the areas with the greatest probability of tropical cyclone formation. 
Avoiding existing tropical cyclones with a history of 24 hours or more of 6-hourly 
warnings is in most cases relatively straightforward. The concern is largely the price 
to pay in added time and distance to maintain satisfactory conditions. However, when 
transiting the tropical cyclone generating area the ship under routing may provide the 
first report of environmental conditions indicating that a new disturbance is developing. 
In the eastern North Pacific the generating area for a high percentage of tropical 
cyciones is relatively compact (fig. 2495c). It has proven beneficial on certain ocean 
transits (Canal Zone to or from mid or western North Pacific ports) to remain equator- 
ward of a line from lat. 9°N, long. 90°W to Jat. 14°N, long. 115°W. In the western 
North Pacific, again depending on the point of departure or destination, it is advisable 
to hold north of 22°N when no tropical systems are known to exist (fig. 2405d). 
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In the Atlantic, it is considered prudent to sail near the axis of the Bermuda high 
or northward to avoid the area of formation of tropical cyclones. By remaining clear 
of these generating areas initially, it alleviates the problem of attempting to provide a 
diversion to a ship that may be in close proximity to a developing tropical system. 
Also, the distance and time lost will be much greater on a diversion than if the route 
had originally avoided the generating area. Avoiding any existing tropical cyclone takes 
precedence over avoiding the general area of potential development. 

It has proven equally beneficial to employ similar considerations for routing in 
the monsoon areas of the Indian Ocean and the South China Sea. This is accomplished | 
by providing routes and diversions that generally avoid the areas of high frequency 
of gale force winds and associated heavy seas as much as feasible. Ships are then able 
to remain in satisfactory conditions with only limited increases in route distance. 

Depending upon the points of departure and destination, there sre many com- 
binations of routes that can be recommended when transiting the northern Indian 
Ocean (Arabian Sea. Bay of Bengal) and the South China Sea. For example, in the 
Arabian Ser during the sumimer monsoon, routes to and from the Red Sea, the western 
Pacific, and the eastern Indian Ocean should hold equatorward. Ships proceeding to 
the Persian Gulf during this period are held farther south and west, attempting to put 
the heaviest seas on the quarter or stern when transiting the Arabian Sea. Eastbound 
ships departing the Persian Gulf may proceed generally east southeast toward the 
Indian sub-continent then south, to pass north and east of the highest southwesterly 


5 
erly A 
seas in the Arabian Sea. Westbound ships out of the Persian Gulf for the Cape of 
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Good Hope appear to have little choice in routes unless considerable distance is added 
to the transit by passing east of the highest seas. In the winter monsoon, routes to or 
from the Red Sea for the western Pacific and the Indian Ocean are held farther north 
in the Arabian See to avoid the highest seas. Ships proceeding to the Persian Gulf 
from the west “fic and eastern Indian Ocean may hold more eastward when 
proceeding norts = .ne Arabian Sea. Ships departing the Persian Gulf area will have 
considerably less . Siculty than during the summer monsoon. Similar considerations 
can be given when routing ships proceeding to and from the Bay of Bengal. Refer to 
sailing directions for recommended routes in the Indian Ocean. 

In the South China Sea, transits via the Palawan Passage are given consideration 


when strong, opposing wind and seas are forecast. This 1s especially true during the 
winter monsoon. 





During periods when the major monsoon flow is slack, ships can be diverted to 
the shortest track as conditions permit. 

2406. Special weather and environmental considerations.—In addition te the / 
synoptic weather considerations in ship weather routing, there are special environ- | =. 
mental problems that can be avoided by following recommendations and advisories of | ~ ¢ 
ship routing agencies. These problems generally cover a smaller geographic area and 
are seasonal in nature but are still quite important to ship routing. : 

In the North Atlantic, because of heavy shipping traffic, frequent poor visibility 
in rain or fog, and restricted navigation, particularly east of Dover Strait, some mariners — 
prefer transit. to or from the North Sea via Pentland Firth passing north of the British 
Isles rather than via the Znglish Channel. i 

Weather routed ships generally avoid the area of dense fog with low visibility 
in the vicinity of the Grand Banks off Newfoundland and the area east. of Japan north 
of 35°N. Fishing vessels in these two areas provide an added hazard to safe naviga- - 
tion. This condition exists primarily from June through August and sometimes into , 
September. Arctic supply ships en route from the U.S. east coast. to the Davis Strait- 
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664 SHIP WEATHER ROUTING 


Baffin Bay area in the summer frequently transit via Cabot Streit end the Strait of 
Belle Isle where navigation aids are available and icebergs are generaily grounded. 

Icebergs are a definite hazard in the North Atlantic from late February through | 
June end occasionally tater. Although there is considerable variation between years | 
in time and geographic area, the hazard of floating ice is frequently combined with / 
restricted visibility in fog. International Ice Patrol reports and warnings are! 
incorporated into the planning of routes to safely avoid dangerous iceberg areas. ' 
It is usually necessary to hold south of at least 45°N until well southeast of New- 
foundland. The U. S. Navy Atlantic ship routing office at Fleet Weather Central 
Norfolk maintains a safety margin of at least 100 miles from icebergs reported by the 
International Ice Patrol. In a severe winter, the Denmark Strait may be closed by 
fixed ice. 

In the northern hemisphere winter, a streng high pressure system moving south- 
east ont of the Rocky Mountains brings cold air down across Central America and the 
western Gulf of Mexico producing gale force winds in the Gulf of Tehuantepec. This 
fa:' wind is similar to the pampero, mistral, and bora of other areas of the world. A 
di--ersion or adjustment to ship’s track can successfully avoid the highest seas associ- 
ated with the Tehuantepecer. For transits between the Canal Zone ard northwest , 
Pacific ports, little additional distance is required to avoid this area (in winter) by ce- 
maining south of at least. 12°N when crossing 97°W. While avoiding the highest seas 
some unfavorable swell conditions may be encountered south of this line. Transits be- 
tween the Panama Canal and North American west coas? ports can pass north near the 
coast of the Gulf of Tehuantepec to avoid the heavy seas during periods of gale condi- 
tions, but. will still encounter high relative winds. 

In the summer, the semi-permanent high pressure systems over the world’s oceans 
produce strong equatorward flow along the west coasts of continents. This feature is 
most pronounced off the coast of California (U. S. west coast) and Portugal in the 
Northern Hemisphere; Chile, western Australia, and southwest Africa in the Southern 
Hemisphere. Very rough seas are generated and are considered a definite factor in route 
selection or diversion when transiting these areas. 

During the nonsummer months. a strong, cold outbreak off the land to relatively 
warmer water may occur which produces low pressure areas mm the western Atlantic 
and Pacific. Occasionally, these are small but intense systems which develop rapidly 
and move much faster than normal, creating adverse weather and sea conditions fer 
ships departing and arriving in these areas. Attention to coastal or area forecasts and ° 
the ship’s own weather observations may be the first indication of this type of situation. | 

2407. Recommendations and advisories.—The recominendations and advisories © 
issued by a ship routing agency are intended to provide the ship with timely route | 
recommendations, diversions, and weather forecasts. It is by this method of direct | 
involvement that the ship routing agency contributes to efficient shipping operations | - 
by avoiding or limiting the effect of adverse weather and sea conditions. i: 

An initial route recommendation is issued to a ship or routing authority normally * 
48 to 72 hours prior to sailing and begins the process of surveillance. The surveillance 
procedure is a continual process and is maintained until the ship arrives at its desti- 
nation. Initial route recommendations are a compesite representation of experience, 
climatology, weather and seas forecasts, opevational concerns, and the ship’s charac- 
teristics. A planning route is a route recommendation that is intended to provide a best 
estimate of a realistic route for a specific transit period. Such routes are provided when - 
estimated dates of departure (EDD’s) are given to the routing agency well in advance — 
of departure, usually a week to several months. Loug range planning routes are based 
more cn seasonal and climatological expectations than the current weather situation. ~_ 
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While planning routes are an attempt at making extended range (more than a week) 
or long range (more than a month) forecasts, these recommendations are likely to have 
some revision near the time of departure to reflect the current synoptic weather pattern. 
An initial route recommendation is more closely reluted to the current synopiic weather 
patterns by using the latest dynamic forecasts than are the planning route recom- 
mendations. These, too, are subject to revision prior to sailing if weather and sea 
cunditions warrant. 

Adjustment of denarture time is a recommendation for delay in departure, or early 
departure if feasible, and is intended to avoid or significantly reduce the adverse weather 
and seas forecast on the first portion of the route if sailing on the original EDD. The 
initial route is not revised, only the timing of the ship’s transit through an area with 
currently unfavorable weather conditions. Adjusting the departure time is an effective 

‘method of avoiding a potentially hazardous situation where there is no optimum route 
* for sailing at the originally scheduled time. 

A diversion is an underway adjustment in track and is intended to avoid or limit 

the effect of adverse weather conditions forecast to be encountered along the ship’s 
“ current track, Ship’s speed is expecied to be reduced by the encounter with the heavy 
‘ weather. In most cases the distance to destination is increased in attempting to avoid 

the adverse weather, but this is partially overcome by being able to maintain near 

normal SQA. Diversions should also be recommended where sat‘zfactory weather and 
_ sea conditions are forecast on a shorter track. 

Adjustment of SOA is a recommendation for slowing or increasing the ship’s speed 
as much as practicable in an attempt to avoid a1 adverse weather situation by adjusting 
the tixuing of the encounter. This is also ar. .fective means of maintaining maximum 
ship operating efficiency and not diverting from the present ship’s track. By adjusting 

- the SOA, a major weather system can sometimes be avoided with no increase in distar.~. 
The development of fast ships (SOA greater than 30 knots) gives the ship routing agency 
the potential to “make the ship’s weather” by adjusting the ship’s speed and track for 
encounter with favorable weather conditions or ship response factors. 

Evasion is a recommendation to the commanding officer or master to take independ- 
ent action to avoid, as much as possible, a potentially dangerous weather system. The 
ship routing meteorologist may recommend a general direction for safe evasion but does 
not specify an exact track. The recommendation for evasion is an indication that the 
weather and sea conditions have deteriorated to a point where shiphandling and safety 
are the primary considerations and progress toward destination has been temporarily 
suspended or is at least of secondary consideration. 

A weather advisory is a transmission sent to the ship advising the commanding 
officer or master of expected adverse conditions, their duration, and geographic extent. 
It is initiated by the ship routing agency as a service and an aid to the ship. The best 
example of a situation for which a forecast will be helpful is when the ship is currently 
in good weather but adverse weather is expected within 24 hours for which a diversion 
is not being recommended or, a diversion where adverse weather conditions are still 
expected. This type of advisory may include a synoptic weather discussion and a 
wind, seas, or fog forecast. 

The ability of the routing agency to achieve optimum conditions for the ship is 

, aided by the commanding officer or master adjusting course and speed whore necessary 
for an efficient and safe ride. At times, the local sea conditions may dictate that the 
commanding officer or master take independent action. 

2408. Southern Hemisphere.—Available data on which to base analyses and 
forecasts is general.y very limited in the Southern Hemisphere. Weather information 
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obtained from satellites offers the possibility of improvement in southern hemisphere § 
forecast products. 

Passages south of the Cape of Good Hope and Cape Horn should be timed to avoid § 
heavy weather as much as possible since intense and frequent low pressure systems 
are common in these areas. In particular, near the southeast coasts of Africa and South 
America, intense low pressure systems form in the lee of relatively high terrain near 
the coasts of both continents. Winter transits south of Cape Horn are difficult since 
the time required at relatively higher latitudes is longer than the typical time interval 
between storms. Remaining equatorward of about $5°S as much as practicable will limit 
exposure to adverse conditions. If the frequency of lows passing these areas is one 
every three or four days, the prohability of encountering heavy weather is high. 

Tropical cyclones in the Southern Hemisphere present a significant problem be- 
cause of the sparse surface and upper air observations from which forecasts can be 
made. Satellites provide the most reliable means by which to obtain accur-te positions 
of tropical systems and also give the first indication of tropical cyclo formation. 

In the Southern Hemisphere, OTSR and cther ship weather routing services are 
available but are limited in their full application because of sparse data reports from 
which reliable short range and extended range forecasts can be produced. Strong clima- 
tological consideration is usually given to any proposed southern hemisphere transit. 
OTSR procedures (art. 2402) for the Northern Hemisphere can be instituted in the § 
Southern Hemisphere whenever justified by basic data input and available forecast 
models. 

2409. Communications.— A vital part of a ship routing service is communications 
between the ship underway and the routing agency. Reports from the ship give the 
progress and ability to proceed in existing conditions. Weather reports enrich the basic 
data collection on which analyses are based and forecasts derived in turn. 

Despite all efforts to achieve the best forecasts possible, the quality of forecasts 
does not always warrant maintaining the route selected prior to departure until reaching 
destination. In the U. S. Navy’s ship routing program, experience shows that one-third 
of the ships routed receive some operational or weather dependent change while 
underway. , 

The routing agency needs reports of the ship’s position and the ability to transmit 
recommendations for truck change or weather advisories to the ship. The ship needs send 
and receive capability for the required information. Information on seakeeping changes 
initiated by the ship is desirablo in a coordinated effort to provide optimum transit 
conditions. 

2410. Benefits —The benefits of ship weather routing services are basically cost 
reduction and safety. The savings in operating costs are derived from reductions in 
transit time, heavy weather encounters, fuel consumption, cargo and hull damage, and |: 
more efficient scheduling of dockside activities. The savings are further increased by 
fewer emergency repairs, more efficient use of personnel, improved topside working 
conditions, lower insurance rates as preferred risks under weather routing, and ul- | 
tim tely extended ship operating life. 

An effective routing service maximizes safety by greatly reducing the probability 
of severe or catastrophic damage te the ship and injury to crew members. sy us 

2411. Conclusion.—The success of ship weather routing is dependent upon the [* 
validity of the forecasts and the routing agency’s ability to make appropriate route | Le 
recommendations and diversions. Anticipated improvements in a routing agency’s 
recommendations will come from advancements in meteorology, technology, and the 
application of ocean wave forecast models. bese, 
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SHIP WEATHER ROUTING 667 


Advancements in mathematical meteorology coupled with the continued applica- 
‘tion of computers will extend the time range and skill of the dynamic and statistical 
‘forecasts. 

Technological advancements in the areas of satellite and automated communica- 
tions, and onboard ship response systems will increase the amount and type of informa- ! 
tion to and from the ship with fewer delays. An onboard ship response system will i 
enable the commanding officer or master to effectively select the course and speed i 
required to conserve fuel and provide the best ride while making satisfactory progress 
on the track recommended by the routing agency. Ship response and performance 
data included with the ship’s weather report will provide the routing agency with real 
time information with which to ascertain the actual state of the ship. Being able to 
predict a ship’s response in most weather and sea conditions will result in improved 
routing procedures. 

Shipboard and anchored wave measuring devices contribute to the development of 
ocean wave analysis and forecast models. Shipboard seakeeping instrumentation with 
input of ineasured wave conditions and predetermined ship response data for the 
perticular hull enables a master or commanding officer to adjust course and speed for 
actual conditions. 

Modern ship designs, exotic (nonstandard) cargoes, and sophisticated transport 
methods require individual attention to each ship’s areas of vulnerability. Any im- 

; provement in the description of sea conditions by ocean wave models will improve the 
_ output from ship routing and seakeeping systems. 
Advanced planning of a proposed transit combined with the study of expected 
. weather conditions both before and during the voyage, as is done by ship routing 
. Agencies, and careful on board attention to seakeeping (with instrumentation if available) 
provide the greatest opportunity to achieve the goal of optimum environmental con- 
» ditions for ocean transit. 
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CHAPTER XXV 
POLAR NAVIGATION 


Polar Regions 


2501. Introduction.— No single definition of the limits of the polar regions satisfies 
the needs of all who are interested in these areas. Astronomically, the parallels of lati- 
tude at which the sun becomes circumpolar (the Arctic and Antarctic Circles at about 
latitude 67°5) are considered the lower limits. Meteorologically, the limits are irregular 

- lines which, in the Arctic, coincides approximately with the tree line. For general 
‘ purposes, the navigator may consider polar regions as extending from the geographical 
- poles of the earth to latitude 70° (in the Arctic coinciding approximately with the 
- northern coast of Alask.), with transitional subpolar regions extending for an addi- 
_ tional 10° (in the Northern Hemisphere extending to the southern tip of Greenland). 
This chapter deals primarily with marine navigation in high latitudes. 
£ 2502. Polar geography.—The north polar region, the Arctic, consists of an elongated 
; central water area a little smaller than the United States, almost completely sur- 
£ rounded by land (fig. 25028). Some of this land is high and rugged with permanent 
zice caps, but part of it is low and marshy when thawed. Underlying permafrost, 
« permanently frozen ground, prevents adequate drainage, resulting in large numbers 
of lakes and ponds and extensive areas of muskeg, soft spongy ground with character- 
* istic growths of certain types of moss and tufts of grass or sedge. There are also large 
? areas of tundra, low treeless plains with vegetation consisting of mosses, lichens, shrubs, 
: willows, etc., and usually having an underlying layer of permafrost. The northernmost 
:point of land is Kap Morris Jessup, Greenland, about 380 nautical miles from the pole. 
: The central part of the Arctic Ocean, as the body of water is called, is a basin of 
about 12,000 feet average depth. However, the bottom is not level, having a number of 
-seamounts and deeps. The greatest depth is probably a little more than 16,000 feet. 
At the North Pole the depth is 14,150 feet. Surrounding the polar basin is an extensive 
continental ckelf, broken only in the area between Greenland and Svalbard (Spits- 
bergen). The many islands of the Canadian archipelago are on this shelf. The Greenland 
Sea, east of Greenland; Baffin Bay, west of Greenland; and the Bering Sea, north 
of the Aleutians, each has its independent basin. In a sense, the Arctic Ocean is an arm 
o. the Atlantic, as shown in figure 2502a. 

The south polar region, the Antarctic, is in marked contrast to the Arctic in physio- 
graphical features. Here a high, mountainous land mass about twice the area of the 
United States is surrounded by water (fig. 2502b). An extensive polar plateau covered 
with snow and ice is about 10,000 feet high. There are several mountain ranges with 


. ‘peaks rising to heights of more than 13,000 feet. The average height of Antarctica 


is about 6,000 feet, which is higher than any other continent. The height at the South 
Pole is about 9,500 feet. The barrier presented by land and tremendous ice ckelves 
500 to 1,000 feet thick prevent ships from reaching very high latitudes. Much of the 
coast of Antarctica is Lugh and rugged, with few good harbors or anchorages. 

2503. Navigation in polar regions.—Special techniques have been developed to 
adapt navigation to the unique conditions of polar regions. These conditions are largely 
the result of (1) high latitude, and (2) meteorological factors. 
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Figure 2502b.—The south polar region, or Antarctic. 
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2504. High-latitude effects.—Much of the thinking of the marine navigator ic 

in terms of the “rectangular’’ world of the Mercator projection, on which the meridians 
‘are equally spaced, vertical lines perpendicular to the horizontal paraiics of latitude. 
Directions are measured relative to the meridians, and are maintained by means of a 
magnetic or gyrocompass. A straight ine on the chart is a rhumb line, the line used for 
ordinary purposes of navigation. Celestial bodies rise above the eastern horizon, climb 
to a maximum altitude often high in the sky as they cross the celestial meridian, and 
set below the western horizon. By this mction the sun divides the day naturally into 
two roughly equal periuds of daylight and darkness, separated by relatively short 
transitional periods of twilight. The hour of the day is associated with this daily motion 
of the sun. 

In polar regions conditions are different. Meridians all converge at the poles, 
which are centers of series of concentric circles constituting the parallels of latitude. 
The rapid convergence of the meridians renders the usual convertion of direction in- 
adequate for some purposes. A rhumb line is a curve which differs noticeably from a 
great circle, even for short distances. Even visual bearings cannot adequately be 
represented as rhumb lines. At the pole ali directions are south or north, depending 
upon the pole. Direction in the usual sense is replaced by longitude. 

At the pole the zenith and celestial pole coincide. Hence, the celestial horizon 
and celestial equator also coincide, and declination and computed altitude are the same. 

Therefore, celestial bodies change computed altitude only by changing declination. 
‘Stars circle the sky without noticeable change in altitude. Planets rise and set once 
‘each sidereal period (12 years for Jupiter, 30 years for Saturn). At the North Pole 
the sun rises about March 21, slowly spirals to a maximum altitude of about 23°27’ 
near June 21, slowly spirals downward to the horizon about September 23, and then 
disappears for another six months. At the South Pole a similar cycle takes place but 
during the opposite time of year. It requires about 32 hours for the sun to cross the 
horizon, during which time it circles the sky 1% times. The twilight periods following 
sunset and preceding sunrise last for several weeks. The moon rises and sets about 
once each month. Only celestial bodies of north declination are visible at the North 
Pole; only bodies of south declination are visible at the South Pole. 

The long polar night is not wholly dark. The full moon at this time rises relatively 
high in the sky. Light from the aurova borealis in the Arctic and the aurora australis 
in the Antarctic is often quite bright, occasionally exceeding that of the full moon. 
Even the planets and stars contribute an appreciable amount of light in this arca where 
a snow cover provides en excellent reflecting surface. 

All time zones, like all meridians, meet at the poles. Local time does not have its 
usual significance, since the hour of the day bears no relation to periods of light and 
darkness or to altitude of celestial bodies. 

2505. Meteorological effects.—Polar regions are cold, but the temperature at sea 
is not as extreme as inland. The average winter temperature over the Arctic Ocean 
is (—)30°F to (—)40°F, with an extreme low value near (~)60°F. Colder tempera- 
tures have been recorded in Yellowstone National Park. During the summer the 
temperature remains above freezing over the ocean. Inland, extreme values are some- 
times reached. At least one point on the Arctic Circle has experienced a temperature 
of 100°F. Few points on the Antarctic Continent have recorded temperatures above 
freezing, and the interior is probably the coldest part of the world. 

Fog and clouds are common in poiar regions, yet there is less precipitation than 
in some desert regions, since the cold air has small capacity for holding moisture. 
Very cold air over open water sometimes produces steaming of the surface, occasionally 
to a height of several hundred feet. This is cailed frost smoke or sea smoke (fig. 2508). 
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Figure 2505.—Frost smoke. 


When there is no fog or frost smoke, the visibility is often excellent. Sounds can some- 
times be heaia at great distances. 
Sharp discontinuities or inversions in the temperature lapse rate sometimes produce} 
a variety of mirages and extreme values of refraction. ‘The stun has been known to rise! 
several days before it was expected in the spring. False horizons are not uncommon. 
Strong winds are common in the subarctic and in both the Antarctic and sub- 
antarctic. The belt of water surrounding Antarctica has been characterized as the 
stormiest in the world, being an area of high winds and high seas. Strong winds are 
not. encountered over the Arctic Ocean. 7 
In the polar and subpolar regions the principal hazard to ships is ice, both that, 
formed at sea and land ice which has flowed into the sea in the form of glaciers. Many, 
Jow land areas are ice-free in summer. Ice is considered in more detail in chapter XXUXVI. 
When snow obliterates surface features, and the sky is covered with a uniform 
layer of cirrostratus or altostratus clouds, so that there are no shadows, the horizon 
disap; ears and earth and sky blend together, forming an unbroken expanse of white, 
without features. Landmarks cannot be distinguished, and with complete lack of 
contrast, distance is virtuaily impossible to estimate. This is called arctic (or antarctic) ‘ 
whiteout. It is particularly prevalent in northern Alaska during late winter and early . 
spring. 
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* 2506. Miscellaneous.—The cold surface water of the Arctic Ocean flows outward 
between Greenland and Svalbard and is replaced by warmer subsurface water from 
the Atlantic. The surface currents depend largely upon the winds, and are generally 
quite weak in the Arctic Ocean. However, there are a number of well-established cur- 
rents flowing with considerable consistency throughout the year. The general circulation 
in the Arctic is clockwise on the American side and around islands, and counterclockwise 
on the Asian side. Tidal ranges in this area are generally small. In the restricted waters 
of the upper Canadian-Greenland area both tides and currents vary considerably from 
place to place. In the Baffin Bay-Davis Strait area the currents are strong and the tides 
are high, with a great difference between springs and neaps. In the Antarctic, currents 
are strong, and the general circulation offshore is eastward or clockwise around the 
sontinent. Close to the shore, a weaker westerly or counterclockwise current may be 
encountered, but there are many local variations. 

Since both magnetic poles are situated within the polar regions, the horizontal 
antensity of the earth’s magnetic field is so low that the magnetic compass is of reduced 
value, and even useless in some areas. The magnetic storms centered in the auroral 
zones (art. 4301) disrupt radio communications and alter magnetic compass errors. 
he frozen ground in polar regions is a poor conductor of electricity, another factor 
hdversely affecting radio wave propagation. 

; 2507. Summary of conditions in polar regions.—The more prominent character- 
istic features associated with large portions of the polar regions may be summarized 
follows: 
: 1. High latitude. 
2. Rapid convergence of meridians. 
3. Nearly horizontal diurnal motion of celestial bodies. 
4. Long periods of daylight, twilight, and semidarkness. 
5. Low mean temperatures. 
6. Short, cool summers and long, cold winters. 
7. High wind-chill factor. 
8. Low evaporation rate. 
9. Scant precipitation. 
10. Dry air (lew absolute humidity). 
11. Excellent sound-transmitting conditions. 
12. Periods of excellent visibility. 
13. Extensive fog and clouds. 
14. Lerge number and variety of mirages. 
15. Extreme refraction and false horizons. 
16. Winter freezing of rivers, lakes, and part of the sea. 
17. Areas of permanent land and sea ice. 
18. Areas of permanently frozen ground. 
19. Large areas of tundra (Arctic). 
20. Large areas of poor drainage, with many lakes and ponds (Arctic). 
: 21. Large areas of muskeg (a grassy marsh when thawed) (Arctic). 

22. Extensive auroral activity. 

23. Large areas of low horizontal intensity of earth’s magnetic field. 

24. Intense magnetic storms. 

25. Uncertain radio wave propagation. 

26. Strong winds (Antarctic). 

27. Frequent blizzards (Antarctic). 

. Large quantities of blowing snow. 
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2508. Projections.—In polar regions, as elsewhere, the chart is an important ite 
of navigational equipment. The projections used for polar charts are considered i 
articles 321 and 322. 

For ordinary navigation the Mercator projection has long been the overwhelmi 
favorite of marine navigators, primarily because a rhumb line appears as a straight lin 
on this projection. Even in high latitudes the mariner has exhibited an understandabl 
partiality for Mercator charts, and these have been used virtually everywhere thut ship 
have gone. 

However, as the latitude increases, the superiority of the Mercator projectio 
decreases, primarily because the value of the rhumb line becomes progressively less | 
At latitudes greater than 60° the decrease in utility begins to be noticeable, and beyon & 
latitude 70° it becomes troublesome. In the clear polar atmosphere, visual bearings ar . 
observed at great distances, sometimes 50 miles or more. The use of a rhumb line ¢ om, Te 
represent a bearing line introduces an error at any latitude, but at high latitudes thig 
error becomes excessive. 

Another objection to Mercator charts at high latitudes is the increasing rate o 
change of scale over a single chart. This results in distortion in the shape of land masse 
and errors in measuring distances. 

At some latitude the disadvantages of the Mercator projection outweigh its adt 
vantages. The latitude at which this occurs depends upon the physical features off 
the area, the configuration and orientation of land and water areas, the nature of the 
operation, and, mostly, upon the previous experience and personal preference of the, 
mariner. Because of differences of opinion in this matter, a transitional zone exists 
in which several projections may be encountered. The wise high-latitude navigator 
is prepared to use any of them, since coverage of his operating area mey not be adequate 
on his favorite projection. 

2509. Adequacy. —Charts of most polar areas ure generally inferior to those of 
other regions in at least three respects: : 

1. Lack of detail. Polar regions have not been surveyed with the thoroughness 
needed to provide charts of the accustomed detail. Relatively few soundings are avail-4 
able and many of the coastal features are shown by their genera! outlines only. Large . _ 
areas are perennially covered by ice, which presents a changing appearance as th 
amount, position, and the character of the ice change. Heavy covers of ice and eno 
prevent accurate determination of surface features of the earth beneath. Added to thig™ 
is the similarity between adjacent land features where the hundreds of points and_ - 2 
fiords in a rugged area or the extensive areas of treeless, flat coastal land in another 2 
look strikingly alike. The thousands of shallow lakes and ponds along a flat coastal: - a Ss 
plain lack distinctive features. ee 

2. Inaccuracy. Polar charts are based upon incomplete surveys and reports of: Pe, BAS 
those who have been in the areas. These reports are less reliable than in other areas ~ 
because icebergs are sometimes mistaken for islands, ice-covered islands are mistaken 
for grounded icebergs, shorelines are not easy to detect when snow covers both land . 
and attached sea ice, inlets and sounds may be completely obscured by ice and snow, 
and meteorological conditions may introduce inaccuracy in determination of position! : 
Consequently, many features are inaccurately shown in location, shape, and size, of tok ee 
there are numerous omissions. Isogonic lines, too, are based upon incomplete informa 
tion, resulting in less than desired accuracy. 

3. Coverage. Relatively few nautical charts of polar regions are available, siieees. 
the limits of some of these are not convenient for some operations. As in other areas, 
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POLAR NAVIGATION 675 


icharts have been made as the need has arisen. Hence, large-scale charts of some areas 
‘are completely lacking. Aeronautical charts are sometimes quite helpful, as they often 
show more detail of land areas than do the nautical charts. However, aeronautical 
‘+ charts do not show soundings. 

2510. Polar grid.—Because of the rapid convergence of the meridians in polar 
regions, the true direction of an oblique line near the pole may vary considerably over a 
relatively few miles. The meridians are radial lines meeting at the poles, instead of be- 

ing parallel, as they appear on the familiar Mercator chart. 
Near the pole the convenience of parallel meridians is attained by means of & 
‘ polar grid. On the chart a number of lines are printed parallel to a selected reference 
meridian, usually that of Greenwich. On transverse Mercator charts the fictitious 
meridians may serve this purpose. Any straight line on the chart-makes the same angle : 
with all grid lines. On the transverse Mercator projection it is therefore a fictitious : 
S rhumb line. On any polar projection it is a close approximation to a great circle. If 
north along the reference meridian is selected as the reference direction, all parallel 
grid lines can be considered extending in the same direction. The constant direction 


ny ereaneanonsemnnaanmnnnnsnemmnnn inate) 


relative to the grid Jines is called grid direction. North along the Greenwich meridian i : 

‘is usually taken as grid north in both. the Northern and Southern Hemispheres. | 4 
The value of grid directions is indicated in figure 2510. In this figure A and B are 

400 miles apart. The true bearing of B from A is 023°, yet at B this bearing line, if 


continued, extends in true direction 163°, a change of 140° in 400 miles. The grid direc- 
tion at any point along the bearing line is 103°. 
-s ; When north along the Greenwich meridien is used as grid north, interconversion 4 
between grid and true directions is quite simple. Let G represent a rid direction and 54 
T the corresponding true direction. Then for the Arctic, ee 


G=T+aW. 


That is, in the Western Hemisphere, in the Arctic, grid direction is found by adding the 
longitude to the true direction. From this it follows that 


T=G-aW, 


and in the Eastern Hemisphere 
G=T— dE, 
T=G-+ dE. 


. In the Southern Hemisphere the signs (+ or —) of the longitude are reversed in all oo 

formulas. “us 

If a magnetic compass is used to follow a grid direction, variation and convergency 1 oy 

s can be combined into a single correction called grid variation or grivation. It is cus- 

tomary to show lines of equal grivation on polar charts rather than lines of equal varia- 

tion. Defense Mapping Agency Hydrographic Center chart 43 shows the isogrivs (lines 
of equal grivation) for the north and south polar areas. 

With one modification the grid system of direction can be used in any latitude. 
Meridians 1° apart make an angle of 1° with each other where they meet at the pole. 
The convergency is one, and the 360° of longitude cover all 360° around the pole. At 
; the equator the meridians are parallel and the convergency is zero. Between these two 
a : limits the convergency has some value between zero and one. On a sphere it is equal to 
the sine of the latitude. For practical navigation this relationship can be used on the 
spheroidal earth. On a simple conic or Lambert conformal chart a constant convergency 
is used over the entire chart, and is known as the constant of the cone. On a simple 
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Figure 2510.—Polar grid navigation. 


conic projection it is equal to the sine of the standard parallel.On a Lambert conformal 
projection it is equal (approximately) to the sine of the latitude midway between the 
two standard parallels. When convergency is printed on the chart, it is generally ad- - 
justed for ellipticity of the earth. If K is the constant of the cone, 


Ke=sin \ (L,4L,), 


where L, and L, are the latitudes of the two standard parallels. On such a chart, grid 
navigation is conducted as explained above, except that in each of the formulas the 
longitude is multiplied by K: 

G=T+AawW, 

T=G—AaW, 

G=T—EKiE, 

T=G+4ak. 
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POLAR NAVIGATION 


Thus, a straight line on such a chart changes its true direction, not by 1° for each degree 
of longitude, but by K°. As in higher latitudes, convergency and variation can be 
combined. 

In using grid navigation one should keep clearly in mind the fact that the grid lines 


_ are parallel on the chart. Since distortion varies on charts of different projections, 


and on charts of conic projections having different standard parallels, the grid direction 
between any two given points is not the same on all charis. For operations which are to be 
coordinated by means of grid directions, zt ts important that all charts showing the grid 
be on a single graticule (art. 303). 

2511. Plotting on polar charts, as on other charts, involves the measurement of dis- 
tance and direction. On e chart. with converging meridians, as one on the Lambert con- 
formal projection, distance is measured by means of tha latitude scale, as on a Mercator 
chart, but this scale is so nearly constant that any part of it can be used without in- 
troducing a significant error. A mile scale is sometimes shown in or near the margin of 
such a chart, and can be used anywhere on that chart. 

Since the meridians converge, a straight line makes a different angle with each 
meridian, as shown in figure 2510. For this reason, compass roses are not. customarily 

-shown on such a chart. If they do appear, each one applies only tu the meridian on 
_which it ts located. The navigator accustomed to using a Mercator chart can easily 
-forget this point, and hence will do well to ignore compass roses. If a drafting machine 
‘is used, it should be sligned with the correct meridian each time a measurement is made. 
‘Since this precaution can easily be overlooked, especially by a navigator accustomed to 
:resetting his drafting machine only when the chart is moved, and since the resulting 
-error may be too small to be apparent but too large to ignore, it is good practice to 
discard this instrument when the Mercator chart is replaced by one with converging 
“meridians, unless positive steps are taken to prevent error. 
The most nearly fool-proof and generally the most satisfactory method of measur- 
.ing directions on a chart with converging meridians is to use a protractor, or some kind 
of plotter combining the features of a protractor and straightedge (fig. 2511a). 

If a course is to be measured, the mid meridian of each leg should be used, as 
shown in figure 2511a. If a bearing is to be measured, the meridian nearest the point 
at which the bearing was determined should be used, as shown in figure 2511b. Thus, 
in the usual case of determining the bearing of a Jandmark from a ship, the meridian 
nearest the ship should be used. In using either of the plotters shown in figures 25lla 
or 2511b, note that the center hole is placed over the meridian used, the straightedge 
part is placed along the line to be drawn or measured, and the angle is read on the 
protractor at the same meridian which passes under the center hole. It is sometimes 
more convenient to invert the plotter, so that the protractor part extends on the 
opposite side of the straightedge. 

For plotting grid directions, angles are measured from grid north, using any grid 
meridian. Any convenient method can be used. If a protractor or plotter is being used 
for plotting grid directions, it is usually desirable to use the same instrument for plotting 
true directions. The distance is the same whether grid or true directions are used. 


Dead Reckoning 


2512. Polar dead reckoning.—In polar regions, as elsewhere, dead reckoning 
involves measurement of direction and distance traveled, and the use of this information 
for determinaiion of position. 

Direction is normally determined by a compass, but in polar regions hoth magnetic 
and gyrocompasses are subject to certain limitations not encountered elsewhere. 
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Fietre 2511a.—Measuring a course on a Lambert conformal chart by B-2 aircraft plotter. Note 
that measurement is made at the mid meridian. 


However, the navigator who thoroughly understands the use af these instruments in 
high latitudes can get much useful information from them. The polar navigator should! 
not overlook the value of radar tracking or visual tracking for determining direction of 
motion. This is discussed in article 2515. i 

Speed or distance is normally ineasured by log or engine revolution counter, but 
these methods are not entirely suitable when the ship is operating in ice. The problem 
of determining speed or distance in ice is discussed in article 2515. 

2513. The magnetic compass depends for its directive force upon the horizontal 
intensity of the magnetic field of the earth. As the magnetic poles are approached, 
this force becomes progressively weaker until at some point the magnetic compass 
becomes useless as a direction-measuring device. In a marginal area it is good practice 
to keep the magnetic compass under almost constant scrutiny, as it is somewhat erratic 
in dependability and its errors may change rapidly. Frequent compass checks by celestial 
observation or any other method available are wise precautions. A log of compass _ 
comparisons and observations is useful in predicting future reliability. 
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READ BEARING 315° ON INNER 
SCALE AT MERIDIAN NEAREST A 


PIVOT HOLE OVER 
MERIDIAN NEAREST A 


Figure 2511b.—Measuring a bearing on a Lambert conformal chart by AN plotter. Note that 
measurement is made at the meridian nearest the ship. 


The magnetic poles themselves are somewhat elusive, since they participate in 
the normal diurnal, annual, and secular changes in the earth’s field, as well as the more 
erratic changes caused by magnetic storms. Measurements indicate that the north 
magnetic pole moves within an elongated area of perhaps 100 miles in a generally 
north-south direction and somewhat less in an east-west direction. Normally, it is at 
the southern end of its area of movement at local noon and at the northern extremity 
twelve hours later, but during a severe magnetic storm this motion is upset and becomes 
highly erratic. Because of the motions of the poles, they are sometimes regarded as 
arcas rather than points. There is some evidence to support the belief that several 
secondary poles exist, although such alleged poles may be anomalies (local attractions), 
possibly of internittent or temporary existence. Various severe anomalies have been 
located in polar areas and others may exist. 

The continual motion of the poles may account, at least in part, for the large 
diurnal changes in variation encountered in high latitudes. Changes as large as 10° 
have been reported. 

Measurements of the earth’s magnetic field in polar regions are neither numerous 
nor frequent. The isogonic lines in these areas are close together, resulting in rapid 
change in short distances in some directions, and their locations are imperfectly known. 
As a result, charted variation in polar regions is not of the same order of accuracy as 
elsewhere. 

The decrease in horizonta! intensity encountered near the magnetic poles, as 
well as magnetic storms, affects the deviation. Any deviating magnetic influence re- 
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maining after adjust) .ent, which is seldom perfect, exerts a greater influence as the 
directive force decreases. It is not uncommon for residual deviation determined in | 
moderate latitudes to increase 10- or 20-fold in marginal areas. Interactions between | | 
correctors and compass magnets exert a deviating influence that may increase to a 
troublesome degree in high latitudes. The heeling magnet, correcting for both per-| 
manent and induced magnetism, is accurately located only for one magnetic latitude. ' 
Near the magnetic pole its position might be changed, but this may induce sufficient ' 
magnetism in the Flinders bar to more than offset the change in deviation due to the 
change in the position of the heeling magnet. The relatively strong vertical intensity - 
may render the Flinders bar a stronger influence than the horizontal field of the earth. © 
When this occurs, the compass reading remains nearly the same on any heading. 

Another effect of the decrease in the directive force of the compass is a greater ! 
influence of frictional errors. This, combined with an increase in the period of the com- | 
pass, results in greatly increased sluggishness in its return to the correct reading after . 
being disturbed. For this reason the compass performs better in a smooth sea free from ‘ 
ice than in an ice-infested area where its equilibiium is frequently upset by impact of | 
the vessel against ice. : 

Magnetic storms affect the magnetism of a ship as well as that of the earth. Changes | | 
m deviation of as much as 45° have been reported during severe magnetic storms, 
although it is possible that such large changes may be a combination of deviation § 
and variation changes. t 

‘The area in which the magnetic compass is of reduced value cannot be stated in 
specific terms. A magnetic compass in an exposed position performs better than one in 
a steel pilot house. The performance of the compass varies considerably with the type 
of compass, sensitiveness and period, thoroughness of adjustment, locaticn on the 
vessel, and magnetic properties of the vessel. It also varies with local conditions. 

In a very general sense the magnetic compass can be considered of reduced relia- 
bility when the horizontal intensity is less than 0.09 oersted, erratic when the field 
is Jess than 0.06 oersted, and useless when it is less than 0.03 oersted. The extent of 
thesa areas in the Northern Hemisphere is indicated in figure 2513. Similar areas extend 

i 
| 
\ 
| 


around the south magnetic pole, which is located at latitude 68°S, longitude 139°E, not | 


far from the eastern shore of the Ross Sea. Defense Mapping Agency Hydrographic 
Center chart 33 shows lines of equal horizontal intensity in the north and south polar 
regions, respectively. However, the effectiveness of the magnetic compass is influenced 
also by local conditions. A compass on a vessel making a vovage through the islands of 
the Canadian archipelago has been reported to give fair indication of direction in certain 
small areas where the horizontal intensity is less than 0.02 oersted, yet to be useless | 
at some places where the horizontal intensity is greater than 0.04 oersted. 

Despite its various limitations, the magnetic compass is a valuable instrument in 
much of the polar regions, where the gyrocompass is also of reduced reliability. With 
careful adjustment, frequent checks, and a record of previous behavior, the polar 
navigator can get much useful service from his instrument. 

When a compass is subjected to extremely low temperatures, there is danger of 
the liquid freezing. Sufficient heat to prevent this can normaily be obtained from the 
compass light, which should not be turned off during severe weather. 

2514. The gyrecempass depends for its operation upon the rotation of the earth 
about its axis. Its maximun: directive force is at the equator, where the axis of the 
compass is parallel to the axis of the earth. As the latitude increases, the angle between 
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POLAR NAVIGATION 


FIGure 2513.—Arctic sreas in which the magnetic compass is of reduced value. Inside the curves 
representing the 0.09, 0.06, and 0.03 oersted values of horizontal intensity the compass can 
be considered of reduced reliability, erratic, :nd useless, respectively. 


these two axes increases. At the geographical poles the gyrocompass has no directive 
force. 

The gyrocompass is generally reliable to latitude 70°. At higher latitudes the 
disturbing effect. of imperfections in compass or adjustment is magnified. Latitude 
adjustment becomes critical. Speed error increases as the speed of the vessel approaches 
the rotational speed of the earth. Ballistic deflection error becomes large and the com- 
pass is slow to respond to correcting forces. Frequent changes of course and speed, often 
necessary when proceeding through ice, introduce errors which are slow to settle out. 
The impact of the vessel against ice deflects the gyrocompass, which does not return 
quickly to the correct reading. 

The error increases and becomes more erratic as the vessel proceeds to higher 
latit: des. Extreme errors as large as 27° have been reported at latitudes greater than 
82°. The gyrocompass probably becomes useless at about latitude 85°. At latitude 70° 
the gyro error should be determined frequently, perhaps every four hours, by means 
of celestial bodies when these are available. As the error increases and becomes more 
erratic, with higher latitude, it should be determined more frequent!y. In heavy ice at 
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extreme latitudes an almost constant check is desirable. The gyro and magnetic com- 
passes should be compared frequently and a log kept of the results of these comparisons 
and the gyro error determinations. 

Most gyrocompasses are not provided with a latitude correction setting above 70°. 
Beyond this, correction can be made by either of two methods: (1) set the latitude 
and speed correctors to zero and apply a correction from a table or diagram obtainable, 
from the manufacturer of the compass, or constructed as explained in article 639; or 
(2) use an equivalent latitude and speed setting. Both of these methods have proved | 
generally satisfactory, although the second is considered superior to the first because; 
it at least partly corrects for errors introduced by a change in course. In certain types of ; 
gyrocompasses, facilities for their opeiation in a high latitude mode up to about 86°: 
and as directional gyros even to the poles i is provided. 

2515. Distance and direction in ice.—In ice-free waters, distance or speed is | 
determined by some form of log or by engine revolution counter. In the presence of ' 
ice, however, most logs are inoperative or inaccurate due to clogging by the ice. Engine! 
revolution counters are not accurate speed indicating devices when a ship is forcing 
its way through ice. With experience, one can estimate the speed in relation to ice, | 
or a correction can be applied to speed by engine revolution counter. At best, however, | 
these methods are seldom of the desired accuracy. 

If ranges and bearings of a land feature can be determined either visually or by 
radar, course and spsed of the vessel or distance traveled over the ground can be 
determined by tracking the landmerk and plotting the results. The feature used need 
not be identified. Ice can be used if it is grounded or attached to the shore. Course 
and speed or distance through the water can be determined by tracking a floating ice- 
berg or other prominent floating ice feature. However, an error may be introduced 
by this method if the effect of wind and current upoz the floating feature is different 
than upon the ship. 

2516. Tide, current, and wind.—Relatively little is known of tides and currents 
in the polar regions. The tables do not extend to thes. areas, but some information 
is given in the sailing directions. In general, tidal ranges are small, and the water 
in most anchorages is relatively deep. 

Currents in many coastal areas are strong and somewhat variable. When a vessel 
is operating in ice, the current is often difficult to determine because of frequent changes 
in course and speed of the vessel and inaccuracies in the measurement of direction and 
distance traveled. 

In the vicinity of iand, and in the whole antarctic area, winds are variable in 
direction, gusty, and often strong. Offshore, in the Arctic Ocean, the winds are not 
strong and are steadier, but ships rarely operate in this area. The wind in polar regions, 
as elsewhere, has two primary navigational effects upon vessels. First, its direct effect 
is to produce leeway. When a vessel is operating in ice, the leeway may be different from 
that in open water. It is well to determine this effect for one’s own vessel. The second 
effect is to produce wind currents in the sea. 

2517. Keeping the dead reckoning. —Because of the lack of facilities for fixing the 
position of a vessel in polar regions, accurate dead reckoning is even more important | 
than elsewhere. The problem is complicated by the fuct that the elements of dead | 
reckoning, direction and dis:ance, are usual!’ known with less certainty than in lower | 
latitudes. This only heightens the need for keeping the dead reckoning with all the | 
accuracy obtainable. This may usually be accomplished by careful hand plotting on | 
the available charts or plotting sheets. 
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POLAR NAVIGATION 683 
Piloting 


2518. Piloting in high latitudes is basically no different from that elsewhere. How- 

ever, in polar regions piloting is the primary method of marine navigation. As pre- 
- viously indicated, dead reckoning is difficult and generally less accurate than in lower 
latitudes. 

Piloting is associated with proximity to land and shoal water. A ship in polar 
regions is seldom far from land, and the areas are not so accurately surveyed that the 
navigator can be sure that uncharted shoals are not nearby. 

Piloting is characterized by an alertness not required when a vessel is far from 
danger of grounding. Nowhere is this alertness more necessary than in polar regions. 
Added to the usual reasons for constant vigilance are the uncertainties of charted in- 
formation and the lack of detail, as discussed in article 2509. 

2519. Natural landmarks are plentiful in some areas, but their usefulness is re- 
stricted by the difficulty in identifying them, or lecating them on the chart. Along 
many of the coasts the various points and inlets bear a marked resemblance to each 
other. The appearance of a coast is often very different when many of its features are 

. obliterated by a heavy covering of snow or ice than when it is ice-free. 
2520. Bearings are useful, but have limitations. When bearings on more than two 
_objects are taken, they may fail to intersect at a point because the objects may not be 
:charted in their correct relation to each other. Even a point fix may be considerably 
ae “in error geographically if all of the objects used are shown in correct relation to each 
other, but in the wrong position on the earth. However, in restricted waters it is usually 
more important to know the pos:vion of the vessel relative to nearby land and shoals 

‘than its latitude and longitude. The bearing and distance of even an unidentified or 
uncharted point are valuable. 

: When a position is established relative to nearby landmarks, it is good practice to 
use this to help establish the identity and location of some prominent feature a con- 
siderable distance ahead, so that this feature, in turn, can be used to establish future 
positions. 

In high latitudes it is not unusual to make use of bearings on objects a censiderable 
distance from the vessel. Because of the rapid convergence of the meridians in these 
areas, such bearings are not correctly represented by straight lines on a Mercator chart. 
If this projection is used, the bearings should be corrected in the same manner that 

radio bearings are corrected (using table 1), since both can be considered great circles. 

Neither visual nor radio bearings are corrected when nlotted on a Lambert conformal 

or polar steorographic chart. 

2521. Soundings are so important in polar regions that echo sounders are custom- 
arily operated continuously while the vessel is underway. It is good practice to have 
at least two such instruments, preferably those of the recording type and having a 
wide flexibiiity in the range of the recorder. In few parts of the polar regions have 
enough soundings been obtained and made available to charting agencies to permit 
adequate portrayal of the bottom configuration. However, since depth of water is a 
primary consideration in avoiding an unwanted grounding, a constant watch should 

. be maintained to avoid unobserved shoaling. 

' Polar regions have relatively few shoals, but in some areas, notably along the 
ae . Labrador coast, a number of pinnacles and ledges rise abruptly from the bottom. These 
constitute a real danger to vessels, since they are generally not surrounded by any ap- 
parent shoaling. In such an area, or when entering an unknown harbor or any area of 
questionable safety, it is good practice to send one or more small craft ahead with 
portable sounding gear. 
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POLAR NAVIGATION 


In very deep water, of the order of 1,000 fathoms or more, the echo returned from 
the bottom is sometimes masked by the sound of ice coming in contact with the hull, 
but this is generally not a problem when the bottom is close enough to be menacing. 

The hand lead is of little value to a ship underway in ice, because the ice generally | 
prevents its effective use unless the vessel is stopped. 

If a ship becomes beset by ice, so that steerage way is lost and the vessel drifts! 
with the ice, it may be in danger of grounding as the ice moves over a shoal. Hence,. 
it is important that soundings be continued even when beset. If necessary, a hole should’ 
be made in the ice and a hand lead used. A vessel with limited means for freeing itself 
may prudently save such means for use only when there is danger of grounding. 

Useful information on the depth of water in the vicinity of a ship can sometimes 
be obtained by watching the ice. A stream of ice moving faster than surrounding ice, 
or a stretch of open water in loose pack ice often marks the main channel through shoal 
water. A patch of stationary ice in the midst of moving ice often marks a shoal. 

Knowledge of earth formations may also prove helpful. The slope of land is often 
an indication of the underwater gradient. Shoal water is often found off low islands, 
spits, etc., but seldom near & steep shore. Where glaciation has occurred, : ¢ moraine, 
deposits are likely to have formed a bar some distance offshore. Submerged rocks and | 
pinnacles are more likely to be encountered off a rugged shore than near a low, sandy 
beach. 

2522. Anchorages.—Because good anchorages are not plentiful in high latitudes, 
there is an understandable temptation to be ‘ess demanding in their selection. This 
is dangerous practice, for in polar regions some of the requirements are accentuated. i 
The factors to be considered are: 

1. Holding quality of the bottcm. In polar regions a rocky bottom or one with only 
fair to poor holding qualities is not uncommon. Sometimes the bottom is steep or 
irregular. Since the nature of the bottom is seldom adequately shown on charts, a me 

| 


ae 


Wise precaution is to sample the bottom, and sound in the vicinity before anchoring. 

2. Adequacy of room for swing. Because high winds are frequent along polar 
shc res, sometimes with little or no warning, long scopes of anchor chain are customarily 
used. Some harbors are otherwise suitable, but allow inadequate room for swing of the 
ves*el at anchor, or even for its yaw in a high wind. If a vessel is to anchor in an un- 
surveved area, the area should first be adequately covered by small boats with portable 
sounding gear to detect any obstructions. 

3. Protection from wind and sea. In polar regions protection from wind is probably 
the most difficult requirement to meet. Genérally, high land is accompanied by strong 
wind blowing directly down the side of the mountains. Polar winds are extremely 
variable, both in direction and speed. Shifts of 180° accompanied by an increase in 
speed of more than 50 knots in a few minutes have been reported. It is important | ~ 
that ground tackle be in good condition and that maximum-weight. anchors be used. |}. 
All available weather reports should be obtained and a continuous watch kept on the 
local weather. Whenever a heavy blow might reasonably be anticipated, the mein ' 
engines should be kept in an operating condition and on a standby status. Heavy 
seas are seldom a problem. 

4. Availability of suitable exit in event of extreme weather. In ice areas it is important 
that a continuous watch be kept to prevent blocking of the entrance by ice, or actual 
damage to the vessel by floating ice. However, in an unsurveyed area it may be 
dangerous to shift anchorage without first sounding tle area. It is a wise precaution ' 
to do this in advance. Unless the vessel is immediately endangered by ice, 14 is gener- | _~ 
ally safer to remain at anchor with optimum ground tackle and use of engines to assist 


wee ne 





































































































































































































So SS ee ae Pe 








POLAR NAVIGATION 65, 


in preventing dragging, than to proceed to sea in a high wind, especially in the presence 
of icebergs and growlers, and particularly during darkness. 

5. Availability of objects for position determination. The familiar polar problem 
of establishing a position by inaccurately charted or inadequately surveyed landmarks 
is accentuated when an accurate position is desired to establish the position of an anchor. 
Sometimes a trial and error method is needed, and it may be necessary to add land- 
marks located by radar or visual observation. Because of chart inadequacy, the suita- 
bility of an anchorage, from the standpoint of availability of suitable landmarks, 
cannot always be adequately predicted before arrival. 

An unsurveyed harbor should be entered with caution at slow speed, with both 
the pilot house and engine room force alerted to possible radical changes in speed or 
course with little or no warning. The anchor should be kept ready for letting go on 
short notice and should be adequately attended. An engine combination providing 

. full backing power should be maintained. 

2523. Sailing directions for high latitudes contain a wealth of valueble informa- 
tion acquired by those who have previously visited the ereas. However, since high 
latitudes have not been visited with the frequency of other areas, and since they are 
inadequately surveyed, the sailing directions for polar areas are neither as complete 
nor as accurate as for other areas, and information on unvisited areas is completely 
lacking. Until traffic in high latitudes increases and the sailing directions for these 

- areas incorporate the additional information obtained, unusual caution should accom- 
| 
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' pany their use. Each vessel that enters polar regions can help ccrrect this condition 
: by recording accurate information and sending it to the Defense Mapping Agency 
* Hydrographic Center or its counterpart in other countries. 


Electronics and Navigation 


2524. Propagation.—In general, radio wave propagation in high latitudes follows 
the same principles that apply elsewhere, as described in chapter XL. However, certain 
anomalous conditions ovcur, and although these are but imperfectly understood, and 
experience to date has not always seemed consistent, there is much that has been 

: established. An understanding of shese conditions is important if maximum effective 2 a & 
use is to be made of electronics ia high latitudes. Such anomalous conditions are dis- ys 
cussed in chapters XL and XLIIL. : 

2525. Radar.—In polar regions, where fog and long periods of continuous daylight 
or darkness reduce the effec tiveness of both celestial navigation and visual piloting, and a3 
where other electronic aid:. are generally not availuble, radar is particuiarly valuable. 
Its value is further enhanced by the fact that polar seas are generally smooth. resulting 
in relatively little oscillation of the shipborne antenna. When ice is not present, relatively 
little sea return is encountered from the calm sea. 

However, certain limitations attend the use of radar in polar regions. Similarity 
of detail slong th 3 polar shore is even more apparent by radar than by visual observation. 
Lack of accurate detail on charts adds to the difficulty of identification. Identification 
is even more of a problem when the shoreline is beyond the radar horizon and accurate 
contours are not shown on the chart. When an. extensive ice pack extends out from shore, 
accurate location of the shoreline is extremely difficult. 

Good training and extensive experience are needed to interpret accurately the 
returns in polar regions where ice may cover both land and sea. A number of icebergs 
close to a shore may be too close together to be resolved, giving an altered appearance 

to a shoreline, or they may be mistaken for off-lying islands. The shadow of an iceberg 
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or pressure ridge and the lack of return from an open lead in the ice-may easily be 
confused. Smosth ice may look like open water. In making rendezvous, one might 
inadvertently close on an iceberg instead of a ship. 

As with visual bearings, radar bearings need correction for convergency unless the 
objects observed are quite close to the ship. 

2526. Long-range and worldwide radionavigation aids, such as Loran-C, Omega, | 
and the Navy Navigation Satellite System, are particularly useful in the Arctic be-' 
cause of the scarcity of aids of shorter range. Such short-range aids as may be in existence - 
are subject to damage or failure by ice or storms, or other causes. Ice and storm damage : 
may be widespread and require considerable time to repair. Isolated damage may exist j 
for a long time without being discovered and reported. ; 

2527. Other electronic aids are virtually nonexistent in polar regions. 

The radio direction finder is useful when the few transmitting stations are within 
range. One of the principai uses of RDF in polar regions is to assist in locating other 
vessels, for rendezvous or other purposes. This is particularly true in an area of many 
icebergs, where radar may not distinguish between ships and icebergs. 

Consol is available in the Norwegian Sea between Norway and Greenland. 

The echo sounder is highly useful, as indicated in article 2521, and is operated |, 
continuously in high latitudes. 

Sonar is usefu) primarily for detecting ice, particularly growlers. Since about } to 

% of the ice is under water, its presence can sometimes be detected by sonar when it is ¢ 
Gverlogked by radar or visual observation. 


MN mE PCI WP 


Celestial Navigation 


2528. Celestial navigation in high latitudes.—Of the various types of navigation, 
celestial is perhaps least changed in polar regions. However, certain special considera- 


tions are applicable. 

Because of the limitations of other forms of navigation, as discussed earlier in this 
chapter, celestial navigation provides the principal means of determining geographical 
position. However, as indicated in article 2520, position relative to nearby dangers is 
usually of more interest to the polar navigator than geographical position. Since ships 
in high latitudes are seldom far from Jand, and since celestial navigation is attended by 
several limitations, discussed in article 2529, its use in marine navigation is generally 
confined to the following applications: i 

1. navigation while proceeding to and from polar regions; 

2. checking the accuracy of dead reckoning; 

3. checking the accuracy of charted positions of landmarks, shoals, ete; and ; 

4. providing a directional reference, either by means of a celestial compass or |< 
by providing a means of checking the magnetic or gyrocompass. | 

Although its applications are limited, celestial navigation is important in high *- 
latitudes. Application 3 above, and application 4, even more so, can be of great value _ 
to the polar navigator. . 

2522 Celestial observations.—The best celestial fixes are usually obtained by 
star observations during twilight. As the latitude increases, these periods become | 
longer, providing additional time for observation. But with this increase comes longer 
periods when the sun is just below the horizon and the stars have not yet appeared. 
During this period, which in the extreme condition at the pole lasts for several days, : 
no celestial observations may be available. The moon is sometimes above the horizon ~,.. 
during this period and bright planets, notably Venus and Jupiter, may be visible. With 
practice, the brighter stars can be observed when the sun is 2° to 3° below the horizon. 






































































































































POLAR NAVIGATION 


; Beyond the polar circles the sun remains above the horizon without setting during 
:part of the summer. The length of this period increases with latitude. At Thule, Green- 
jland, about 10° inside the Arctic Circle, the sun remains above the horizon for four 
months. During this period of continuous daylight the sun circles the sky, changing 
-azimuth about 15° each hour. A careful observation, or the average of several observa- 
tions, each two hours provides a series of running fixes. An even better check on posi- 
‘tion is provided by making hourly observations and establishing the most probable 
position at each observation. Sometimes the moon is above the horizon, but within 
several days of the new or full phase it provides lines of position nearly parallel to the 
sublines and hence of limited value in establishing fixes. 

During the long polar night the sun is not available and the horizon is often in- 
distinct. However, the long twilight, a bright aurora, and other sources of polar light 
(art. 2504) shorten this period. By adapting their eyes to darkness, some navigators 
can make reasonably accurate observations throughout the polar night. The full 
moon in winter remains above the horizon more than half the time and attains higher 
altitudes than at other seasons. 

Tn addition to the long periods of darkness in high latitudes, other conditions are 
sometimes present to complicate the problem of locating the horizon. During daylight 

. the horizon is frequently obscured by low fog, frost smoke, or blowing snow, yet the sun 
may be clearly visible. Hummocked sea ice is sometimes a problem, particularly at 
‘low heights of eye. Nearby land or an extensive ice foot can also be troublesome. 
: Extreme conditions of abnormal refraction are not uncommon in high latitudes, some- 
: times producing false horizons and always affecting the refraction and dip corrections. 
i Because of these conditions, it is advisable to be provided with an artificial-horizon 
sextant (art. 1513). This instrument is generally not used aboard ship because of the 
“excessive acceleration error encountered as the ship rolls and pitches. However, in 
- polar regions there is generally little such motion and in the ice there may be virtually 
:none. Some practice is needed to obtain good results with an artificial-horizon sextant, 
-but these results are sometimes superior to those obtainable with a marine sextant, and 
when some of the conditions mentioned above prevail, the artificial-horizon sextant may 
provide the only means of making an observation. Better results with this instrument 
can generally be obtained if the instrument is hung from some support, as it generally 
is when used in aircraft. 

An artificial horizon (art. 1512) can sometimes be used effectively, even an im- 
provised one, as by placing heavy lubricating oil in a bucket. 

It is sometimes possible to make better observations by artificial-horizon sextant 
or artificial horizon from a nearby cake of ice than from the ship. 

Clouds and high fog are frequent in high latitudes, but it is not uncommon, par- 
ticularly in the Antarctic, for the fog to lift for brief periods, permitting an alert 
navigator to obtain observations. 

As the latitude increases, an error of time has less effect upon altitude. At the 
equator an error of 4 seconds in time may result in an error in the location of the position 
line of as much as 1 mile. At latitude 60° a position error of this magnitude cannot occur 
unless the timing error is 8 seconds. At 70° nearly 12 seconds are needed, and at 80° 
about. 23 seconds are needed for such a position error. 

Polaris is of diminished value in high northern latitudes because of its high altitude. 
At high latitudes the second correction to observed altitude (a;) becomes greater. The 
almanac makes no provision for applying this beyond latitude 68°. Bodies at high 
altitudes are not desirable for azimuth determination, but if Polaris is used, the use of 
the actual azimuth given at the bottom of the Polaris tables of the Nautical Almanac 
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688 FOLAR NAVIGATION 


is of increased importance because of its larger variation from 000° in high latitudes. 
No azimuth is provided beyond latitude 65°. 

In applying a sextant altitude correction for dip of the horizon, one should use| 
height of eye above the ice at the horizon, instead of height above water. The differencel 
between ice and water levels at the horizon can often be estimated by observing ice! 
near the vessel. ‘ 

2530. Low-altitude observations.—Because of large and variable refraction at 
low aititudes, navigators customarily avoid observations below some minimum, usually 
5° to 15°, if higher bodies can be observed. In polar regions low-altitude observations. 
ere often the only ones available. The sun, moon, and planets remain low in the sky 
for :elatively long periods, their diurnal motion being nearly horizontal. The only 
lower limit is that imposed by the horizon itself. In fact, good observations can some- 
times be made without a sextant by noting the time at which either the upper or lower: 
limb is tangent to the horizon. To such an observation sextant altitude corrections are 
applied as for a marine sextant without an index correction. 

Correction of low-altitude observations made by marine sextant is discussed in: 
article 1625. If a bubble or other artificial-horizon sextant is used, corrections are made! 
as for higher altitudes, being careful to use the refraction value corrected for tempera-| 
ture, or to make a separate correction for air temperature. In addition, a correction for| 
atmospheric pressure (tab. 24) is applied if of sufficient size to be of importance. 

Solution of low-altitude observations is discussed in article 2023. 

2531. Abnormal refraction and dip.—Tables of refraction correction are based upon j 
a standard atmosphere. Variations in this atmosphere result in changes in the refrac- 
tion, and since the atmosphere is seldom exactly standard, the mean refraction is seldom 
the same as shown in the tables. Variations from standard conditions are usually not 
great enough to be troublesome. 

In polar regions, however, it is normal for the atmosphere to differ considerably 
from the standard, particularly near the surface. This affects both refraction and dip, 
as indicated in article 1605. Outside polar regions, variations in refraction seldom 
exceed 2’ or 3’, although extreme values of more than 30’ have been encountered. 
In poiar regions refraction variations of severel minutes are not uncommon and a | 
extreme value of about 5° has been reported. This would produce an error of 300 
miles in a line of position. The sun has been known to rise as much as ten days before j 
it was expected. 

Most celestial observations in polar regions produce satisfactory results, but the! 
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high-latitude navigator should be on the alert for abnormal conditions, since they occur; - 


more often than elsewhere, and have greater extreme values. A wise precaution is to 
apply corrections for air temperature (tab. 23) and atmospheric pressure (tab. 24), 1 
particularly for altitudes of less than 5°. ; 


Abnormal dip affects the accuracy of celestial observations equally at any altitude, | - 


if the visible horizon is used. Such errors may be avoided in any one of four ways: ; 

1. The artificial-horizon sextant may be used, as indicated in article 2529. 

2. When stars are available, three stars may be observed at azimuth intervals of 
approximately 120°, (or four at 90° intervals, five at 72°, etc.). Any error in dip or 
refraction will alter the size of the enclosed figure, but will not change the location of its 
center unless the dip or refraction error varies in different directions. The stars should ; 
preferably be at the same altitude. 

3. The altitude of a single body may be observed twice, facing in opposite directions. | | 
The sum of the two readings differs from 180° by twice the sum of the index and dip ' 

corrections (also personal and instrument corrections, if present). This method assumes ; 
that dip is the same in both directions, an assumption that is usually approximately cor- 
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POLAR NAVIGATION 689 


rect. Also, the method requires that the arc of the sextant be sufficiently long and the 
altitude of the body sufficiently great to permit observation of the back sight in the 
opposite direction. In making such observations, it is necessary that allowance be 
made for the change of altitude between readings. This may be done by taking a 
direct sight, a back sight, and then anoth direct sight at equal intervals of time, 
and using the average of the two direct sigh... . 
; 4. A correction for the difference between air and sea temperatures (art. 814, 
vol. IT) may be applied to the sextant altitude. This will often provide reasonably good 
results. However, there is considerable disagreement in the manner in which temper- 
ature is to be measured, and in the factor to use for any given difference. Therefore, 
the validity of this correction is not fully established. 

There is still much to be learned regarding refraction and even with all known 
precautions, results may occasionally be unsatisfactory. 

2532. Sight reduction in polar regions is virtually the same as elsewhere. Compu- 
tation can be made by nearly any method. In Pub. No. 214, tabulations are not 
extended below an altitude of 5°, but this method can be used for lower altitudes, which 
are not uncommon in polar regions, by selecting an assumed position some distance 
away, in the general direction of the body. Thus, if the altitude is 2°, an assumed 
position 3° (180 miles) nearer the body (4° is a better choice to allow for possible error 
* in the dead reckoning and for adjustment for a convenient assumed position) should 
~ result in a computed altitude of 5° or more. This method will result in an unusually 
: long altitude intercept, but the error introduced will be negligible if the assumed posi- 
® tion is in the direction of the body, and the chart used is one on which a straight line 
_ is a close approximation to a great circle. A Lambert conformal chart is satisfactory 
for this purpose. An example of such a solution is given in article 2023. 

Onz2 special method of considerable interest is conveniently applicable only within 
about 5° of the pole, a higher latitude than is usually attainable by ships. This is the 
method of using the pole as the assumed position. At this point the zenith and pole 
coincide and hence the celestial equator and celestial horizon also coincide, and 
the systems of coordinates based upon these two great circles cf the celestial sphere 
become identical. The declination is computed altitude, and GHA replaces azimuth. 
A “toward” altitude intercept is plotted along the upper branch of the meridian over 
which the body is located, and an “away” intercept is plotted in the opposite direction, 
along the lower branch. Such a line or its AP is advanced or retired in the usual manner. 
This method is a special application of the meridian altitude sometimes used in lower 
latitudes. Beyond the limits of this method the meridian altitude can be used in the 
usual manner (art. 2025) without complications and with time of transit being less 
critical. However, table 29, for reduction to the meridian, extends only to latitude 60°. 

2533. Plotting lines of position from celestial observations.—Lines of position 
from celestial observations in polar regions are pletted as elsewhere, using an assumed 
position, altitude intercept, and azimuth. If a Mercator chart is used, the error in- 
troduced by using rhumb lines for the azimuth line (a great circle) and line of position 
{a small circle) is accentuated. This can be overcome by using a chart on a more favor- 
able projection. 

If a chart with nonparallel meridians, such as the Lambert conformal, is used, the 
true azimuth should be plotted by protractor or plotter and measured at the meridian 
of the assumed position. On a chart having a grid overprint the true azimuth can be 
converted to grid azimuth, using the longitude of the assumed position, and the direction 
measured from any grid line. This method involves an additional step. with no real 
advantage. 
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Lines of position from high-altitude observations, to be plotted as circles with thel 
geographical position as the center (art. 2024), should not be plotted on a Mercator § 
chart because of the rapid change of scale, resulting in distortion of the circle as plotted 
on the chart. = 

Lines of position are advanced or retired as in any latitude. However, the move-j Z 
ment of the line is no more accurate than the estimate of the direction and distance{ = 
traveled, and in polar regions this estimate may be of less then usual accuracy. In} 2 

2 
= 


A 





addition to his problem of estimated direction of travel, the polar navigator may en-| 
counter difficulty in accurately plotting the direction determined. If an accurate | 
gyrocompass is used, the ship follows a rhumb line, which is accurately shown only on! 
a Mercator chart. If a magnetic compass is used, the rapid change in variation may | 
be a disturbing factor. If the ship is in ice, the course line may be far from straight. | 

Because of the various possible sources of error involved, it is good practice to avoid | | 
advancing or retiring lines for a period longer than about two hours. When the sun; 
is the only body available, best results can sometimes be obtained by making an ob-| 
servation every hour, retiring the most recent line one hour and advancing for one hour | 
the line obtained two hours previously. The present position is then obtained by dead | 
reckoning from the running fix of an hour before. Another technique is to advance i 
the one or two previous lines to the present time for a running fix. A third method is §. 
to drop a perpendicular from the dead reckoning or estimated position to the line of 2 
position to obtain a new estimated position, from which a new dead reckoning plot 5 
is carried forward to the time of the next observation. A variation of this method is £ 
to evaluate the relative accuracy of the new line of position and the dead reckoning or 
estimated position run up from the previous position and take some point between 
them, halfway if no information is available on which to evaluate the relative ac- 
curacies. None of these techniques is suitable for determining set and drift of the current. 

2534. Rising, setting, and twilight data are tabulated in the almanacs to latitude 
72°N and 60°S. Within these limits the times of these phenomena are determined ¢- 
as explained in chapter XIX. 

Beyond the northern limits of these tables the values can be obtained from a 
series of graphs given near tke back of the Air Almanac. These graphs are shown in 
appendix G. For high latitudes, graphs are used instead of tables because graphs give 
a clearer picture of conditions, which may change radically with relatively little change 
in position or date. Under these conditions interpolation to practical precision is 
simpler by graph than by table. In those parts of the graph which are difficult to read, | 
the times of the phenomena’s occurrence are themselves uncertain, being altered con- | 
siderably by a relatively small change in refraction or height of eye. The use of the | 
graphs is explained in chapter XIX. 
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General 


2535. Ice.—Several references have been made to ice. The almost constant pres- 
ence of large quantities of ice is one of the distinctive features of polar regions, and is 
one of the primary considerations in any operations in these areas. The subject of | 
ice in the sea is covered in chapter XXXVI. 

2536. Knowledge of polar regions.—Operations in polar regions are attended by 
hazards and problems not encountered elsewhere. Lack of knowledge, sometimes 
accompanied by fear of the unknown, has prevented navigation in these areas from 
being conducted with the same confidence with which it is pursued in more familiar 
areas. As experience in high latitudes has increased, much of the mystery surrounding 
these areas has been dispelled, and operations there have become more predictable. 

Before entering polar regions, the navigator will do well to acquaint himself with 
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the experience of those who have preceded Lim into the areas and under the conditions 

“he anticipates. This information can be found in a growing literature composed of 
the accounts of explorers, reports of previous operations in high latitudes, articles in 
professional journals, and several books on operations in polar regions. Scme of it is 
given in various volumes of sailing directions. 

The search for knowledge should not be confined to navigation. The wise polar 
navigator will seek information on living conditions, survival, geography. ice, climate 
and weather, and operational experience of others who have been tc the same area. 
As elsewhere, knowledge and experience are valuable. 

2537. Planning, important in any operation, is vital to the success of posar neviya- 
tion. The first step to adequate planning is the acquisition of full knowledge, as d.s- 
cussed in article 2536. No item, however trivial, should escape attention. ‘fte ship 
should be provided with all the needed charts, publications, and special navies ‘io. st 
material. All available data and information from previous operations in the area 
should be studied. Key personnel should be adequately instructed in polar navigation 

" prior to departure or while en route to the polar regions. Forecasts on anticipated ice 
and weather conditions should be obtained before departure and after getting under 
way. All equipment should be put in top operating condition. All material should 
be carefully inspected for completeness and condition. The navigator should make 
certain that all items of equipment are familiar to those who will use them. This is par- 
_ ticularly true of items not generally used at sea, such as charts on an unfamiliar projec- 
, tion, or a bubble sextant. Do not assume anything that can be known. On the adequacy 
‘and thoroughness of the advanced planning and preparation, perhaps more than 
: anything else, will depend the success of polar navigation. 
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CHAPTER XXVI 


LIFEBOAT NAVIGATION 
Before Emergency Arises 


. 


2601. Introduction.—The methods and techniques used in lifeboat navigation are 
those available at the time. With full equipment, lifeboat navigation differs little from 
that aboard ship. More often, however, it is a matter of improvising equipment from ; 

. available materials, and developing procedures from a knowledge of basic principles. 
Ingenuity is often essential. The officer who navigates by blindly “following the steps” . 
may be of little more value in a lifeboat devoid of familiar navigational equipment than | 
the man who has never set foot on the bridge of a ship. The wise officer becomes thor- { 
oughly familiar «vith the theory of navigation: the celestial triangie, the circle of equal 
altitude, and the other basic principles invelved. He should be able to identify the most | 
useful stars, and know how to solve his sights by any widely used method, because his i 
favorite method may not be available. He should be able to construct a plotting sbeet ‘ 

. ; with a protractor, and use distress signaling equipment. Familiarity with the coordinates ¢ 
‘ : (latitude and longitude) of land points in the area of operations, ability to interpret | 
wind and weather signs, knowledge of the ocean currents, and skill in handling a small 
boat are parts of the practical navigator’s basic education which assume their greatest 
importance in an emergency. For the navigator prepared with such knowledge, and a 
determination to succeed, the situation is never hopeless. Some method of navigation is 
always available. 

2602. Emergency navigation kit—In time of national emorsency, the prudent 
navigator will provide each lifeboat with a kit containing the equipment which it is 
practical to carry for emergency navigational purposes (art. 2603). Even in peacetime 
it is good practice to have one such kit permanentiy located in the chart house or the |: 
wheel house so that it can be quickly transferred to a lifeboat wher. needed. i 

The least preparation made should be a check-off list of items to be assembled if | 
time permits, so that nothing will be overlooked. Such 2 list can be helpful even if | 
one or more emergency kits have been provided. The list should be kept in a prominent | 
place on the bridge or near the lifeboats, perhaps framed under glass. All officers ° 
should be familiar with its location and should be acquainted with the location and ; 
identity of each item listed. : 

Junior officers or reliable crew members should be assigned the duty of bringing | 
to their stations, during abandon ship drill, emergency navigational equipment not | 
permanently stowed in the boats. A senior officer should then check each item against | 

te the equipment check-off list to ascertain that nothing has been overlooked. 

2603. Equipment.—If practicable, full navigational equipment should be provided. 
As many as possible of the items in the following list should be included. All of these 
except a timepiece, and possibly a sextant and radio, can be kept in the emergency 
navigation kit recommended in erticle 2602. 

1. Notebook suitable for use as a deck log and for performing computations. , 
Several items of information should be written in this notebook in advance, so as to — 
be available when and if needed. Such items include fhe latitude avd longitude of 
various places in the area of operation; any desired information on currents and weather; 
declination and SHA of several widely scattered stars, with any needed information 
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a on identifying them; desired notes and tables from this chapter and elsewhere; any 
desired general information, such as a list of poisonous fish and those items which may 
prove useful for survival. This section of the notebook should be brief and the items 
limited to those most essential in time of emergency. 

2. Charts and other plotting materials..A pilot chart is most suitable for lifeboat 
use, both for plotting and as a source of information on variation of the compass, 
shipping lanes, currents, winds, and weather. Charts for both the summer and winter 
seasons should be included. During Werld War II pilot charts were printed on water- 
proof material suitable for use in a lifeboat. Plotting sheets (art. 323) are useful but 
not essential if charts are available. The plotting sheets should cover the latitudes 
in which the ship operates. Universal plotting sheets (art. 324) may be preferred, 
particularly if the latitude coverage is laige. Several maneuvering boards, and several 
sheets of cross-section paper (preferably with ten squares per inch) should be included, 
as tl ese have many uses. 

v. Plotting equipment. Pencils, erasers, straightedge, protractor, dividers and 
compasses (not essential, but useful), and a knife or pencil sharpener should be included. 
Preferably, the straightedge and protractor should be combined in a single device 
constituting some kind of plotter (art. 605). A ruler graduated in inches and fractions 
inay be useful. 

4. Timepiece. A good watch is needed if longitude is to be determined astronom- 
ically. This watch should be waterproof or kept in a waterproof container which permits 
reading and winding of the watch without exposing it to the elements. The watch 
should be wound regularly and a record kept of its error and rate of change. Even 
if one or more such watches are available, the possibility of taking along the chro- 
nometers should not be overlooked. The optimun. titaepiece is a quartz crystal watch. 

f, Sextant. A marine sextant should be taken a:ong if possible. However, since 
this .aay be impractical, a lifeboat sextant, or materials for constructing one, should 
*« , sovided. The relatiely inexpensive plastic sextants should be more than adequate 
for lifeboat use. They should be protectec from the direct rays of the sun when not 
in use. Several commercially manufactured lifeboat sextants have been made available, 
particularly during wartime. A lifeboat sextant can be made of wood or other rigid 
material, two small mirrors, and a pivot. The graduations ~f the arc should be double 
those of a compass rose (an angle of 5° should be labeled 10°, etc.). It is not necessary 
to provide a vernier, or means of adjusting the sextant, since accuracy of 0°1 is satis- 
factory for lifeboat use. 

6. Almanac. A *, ‘tical Almanac for the current year is desirable. In an emer- 
gency an almanac for another year can be used for stars and the sun without serious 
error by lifeboats standards, if suitable adjustment is made (art. 2617}. Some form of 
long-term almanac, as that given in appendix H, might well be copied or pasted in 
the notebook suggested as item 1, above. 

7. Tables. Some form of table will be needed for reducing celestial observations. 
The most. suitable is one that dues not require much space if a table of trigonometric 

ane funcvions (either logarithmic or natural) is provided, “ rmulas should be included with 

them. It is not wise to trust the memory for such vitul ir wmation. A set of tebles 

similar to Pub. No. 214 :an be made at 5° intervals of the arguments. Only one page 

’ is needed for each latitude entry (5°) if declination is limited to aLout 36° (sufficient for 
be vodies of the snlur system and many stars), entries are given to the nearest 0°1 for 
: ' altitudes and 1° for azimuth, and the delta (A) vaiues are omitted. Traverse tables 
and others given in thi: chapter are useful. Volume II provides tables of trigonometric 

functions (logatithmic and natural), formulas, a lon-term almanac, traverse tables, 
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and a sight reduction table (table 35). Due to its contents, volume II would be very 
useful in a lifeboat. 

8. Compass. Each lifeboat is required to carry a magnetic compass. A deviation 
table for each compass should be made while in port, with raagnetic material in its 
normal place. 1t would be well to check the accuracy of-each table periodically. 

9. Flashlight. A flashlight is required to be carried in each lifeboat. The batteries 
sho 1! be replaced from time to time, as necessary. Extra batteries and bulbs might 
well be carried. 

10. Portable radio. If a portable radio is available, be sure it is included. Whether , 
this is one of the transmitting-receiving sets approved by the Federal Communications | 
Commission for lifeboat use, or merely a small receiver of limited range owned by a | 
crew member, do not overlook it, as it may be used as a radio direction finder. 

2604. Position of ship.—A knowledge of the position of the vessel at the time it is | 
abandoned is of great importance. ‘The officer on watch on the bridge should never 
permit himself to become careless in the matter of keeping a mental note of the ap- 
proximate position of the vessel. During wartime, or whenever the possibility of aban- 
doning ship might reasonably be anticipated, the radio operator should be provided 
with a list of advance dead reckoning positions. 





Abandoning Ship 


2605. Before lowering boats.—The period between the decision to abandon ship 
and the actual leaving of the vessel is a highly important one. It is also a period of 
mental strain and possible confusion. The degree to which the crew can be prepared 
for the ordeal ahead depends upon the amount of time available and the thoroughness 
of the preparation that has been made. If there has been advance warning of the possi- 
bility of the decision, certain preparations can be made before the decision is reached. 
If time permits, after the decision to abandon ship has been made, the radio operator 
should send a final distress message, giving the ship’s position and any other pertinent 
information. It will be important later to know whether an acknowledgment of receipt 
of the message was received. Any available time can be wisely used to check the naviga- 
tional equipment in each boat and assemble missing items. There may be time to make 
a last minute check of position of the ship, position of any nearby land, set and drift of 
current, present and forecast weather, watch error, and date. These items should be 
written down. Perhaps the chart can be taken along. Equipment should be properly 
secured before lowering the boats. In a rough sea it may be desirable to lower the sex- 
tant, chronometer, and radio into the boat after it is afloat. 

2606. Establishing command.—The identity of the person in command of each 
boat, ar J the over-all commander, should be firmly established. Almost invariably this 
will be tle senior officer present. In a lifeboat, perhaps more than in any other circum- 
stances, strong leadership is required if the confidence of the crew is to be maintained. 
The officer whom the crew respects as a man, admires as a seaman, and recognizes as a 
gentleman will have littie or no trouble with discipline and cooperation of all on board. 

Morale is a prim? consideration, and it grows in importance with the passage of 
time. The person in command should be recognized as the final authority in all matters, 
but it is important than he give to each person an opportunity to be heard, and that he 
keep all hands fully informed of the bad as well as of the good. Decisions will be more 
acceptable if the crew has been informed of each consideration as it arises, and so has 
been somewhat prepared. Complete fairness and impartiality are essential. 

2607. Estimate of the situation.—Perhaps the first item which should engage the 





attention of the person in command, after the lifeboat has cleared the stricken vessel, 
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:is the questioning of each person aboard to collect all the useful infcrmation available. 
‘It is well to determine what is known regarding the pesition of the ship, ocean currents, 
“weather, astronomy, navigation, seamanship, sailing, etc. Find out who owns watches 
and what each owner knows about the error and rate of his watch. Establish a routine 
for winding and comparing them. No useful skill or knowledge should be overlooked; 
‘all should be fully considered in making the important decision of whether to remain 
in the vicinity of the disaster in the hope of rescue, or to attempt to reach land or a more 
heavily traveled shipping lane. 

This decision of whether to stay or leave may be the most important one of the 
entire experience. Until comparatively recent times there was no problem. Because 
there was virtually no hope of assistance, the lifeboat crew had to rely upon itself. 
Since the development of modern communication and rescue facili.ies, however, it is 
often wiser to remain than to complicate the rescue problem by increasing the area to 
be searched. 

The decision should not be made until careful consideration has been given to all 

. factors, nor should it be delayed longer than necessary. Considerations v -y with the 
_ circumstances, but certainty the following should be included: 
Was a distress message sent before the ship was abandoned? Did .o sielude the 
. position of the ship? How accurate was the position? Is there ary reasonable doubt 
_ that the message was received? If no message was sent, how soon will the ship be 
_ missed? What rescue facilities are available? How far away are they and how long 
i will it be before help arrives? How conspicuous is the lifeboat? What facilities are 
: available for attracting attention, cither visually or py radar? How proficient is the 
crew in using such equipment? Is a radio transmitter available? What is the probable 
~ running time to the nearest land in several directions, considering the prevailing winds 
and currents, the motive power available (art. 2614), and the ability of the crew to 
use it? How long will the fresh water and rations last, and will they be sufficient to 
sustain the crew in the physical exertion required? 

If the decision is to stay, how will the crew occupy its time, remembering the 
increased morale problem with an idle crew? How will position be maintained, or 
regained if the boat drifts? Would it be practical to wait two or three days, perhaps, 
in the hope of rescue, and then to set out for lard if help does not come? 

If the decision is to leave, where should the boat head? Hew soon can a well- 
traveled shiping lane be reached? In time of war, where is the enemy and where are 
friends? How la:ge and conspicuous is the land in each direction, considering the low 
height of eye in a lifeboat? It may be better to head for conspicuous land 500 miles 
away than for a small, low island 200 miles away, particularly if the latter is in a direc- 
tion of unfavorable winds cr currents, or takes the boat farther away from shipping 
lanes. 

Avoid, if possible, a hasty decision that will later be recognized as unwise. Dis- 
cuss the matter thoroughly with the crew, and when the decision is mado, inform them 
of the reason for it. Do this in a manner that will invite their confidence and support. 
Inform them of the best estimate of the situation. 

2608. Selecting the route.—It is not always desirable to head: directly for the 
objective. A longer route with favorable winds and currents may be quicker. A longer 
route by way of shipping lanes may enhance the possibility of rescue. 

With clear skies, latitude can be found with relatively crude equipment. But 
unless accurate Greenwich timo is available, longitude cannot be found astronomically, 
even with the best equipment; nor is a nonastronomical method likely to be available. 
Tn the absence of reliable longitude information, it is better to head for a point at the 
latitude of the destination but so far east or west of it that no reasonable doubt will exist 
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696 LIFEBOAT NAVIGATION | 
as to the direction of land when that latitude is reached. The distance of the point from| 
the destination depends upon the degree of uncertainty of the longitude, remembering] 
that this uncertainty is likely to increase with time. This method of “parallel sailing”) 
was used for centuries before a method of determining or “discovering” longitude at) 
sea was developed. 
If the objective has a considerable extent in e north-south direction, the need for! 
a final eact-west leg-is less critical, and in attempting to reach a continent or very large 2 
island, one need not consider it at all. In the absence of better information, an east 2 
or west course should be svlezted from the outset, since most large land masses of the 
earth are oriented in o. gencral north-south direction. : 
2609. Keeping beats together.—If more than one boat is launched, every effort’ : 
should be made to keep them together. While the person in charge of each boat isi 2 
responsible for decisions regarding his boat, considerable advaniage is to be gained by! . 4 
keeping the boats toget.er and recognizing one person, 'ogicall, the senior officer: B 
present, as the over-all commander. Since navigational equipment and skill probably : a 
will differ widely from boat to boat, the benefits of any accurate navigation can be. 3 
shared by all if the boats are close together. Other knowledge can be exchanged, equip-| 2 
ment shared, and rations distributed equitably. It may be wise to shift some personnel) 
among the boats, perhaps on a periodic basis, either to effect a better bulance of skill 
and knowledge, or for morale purposes. 
2610. Lookout.—Always there is the possibility of sighting another vessel. Hence, 
a lookout should be posted at all times. This becomes of even greater importance 
when approaching land, or if the location of all land along the route is not known. If 
it is possible to rig a metal object high in the boat, this should be done to enhance the 
possibility of detection by radar. 
| 
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Dead Reckoning 


2611. Importance of dead reckoning.—Of the various kinds of navigation, dead }. 
reckoning alone is always available in some form. It should never be neglected, but in [ 
a lifeboat it is of more than average importance. A close check should be kept on the [: 
direction and distance made good, and all disturbing elements such as wind and current | ~ 
should be carefully evaluated. Long voyages have been successfully completed by 
this method alone, and landfalls have been made with surprising accuracy. This is 
not meant to minimize the importance of other methods of determining position, but 
with the methods generally available in a lifeboat, one may well find that, during the 
first few days, his dead reckoning positions are more accurate than those determined 
by other methods. If the means of determining direction and distance—tl.a elements 
of dead reckoning—are accurate, it might be well to mase an adjustment to the de.d 
reckoning only after consistent indication of the magnitude and direction of its error. 
The dropping of the dead reckoning at each uncertain “fix” is at best a questionable 
procedure. The conflicting information likely to be available calls for careful analysis 
and good judgment on the part of the navigator. 

2612. Deck Log —From tho beginning a careful log should be kept. The date and 
time of abandoning ship should be the first entry, followed by navigational information 
available, and the various important decisions and the reasons for them. Since the ' 
conservation of paper may be important, record only the essentials of the important | __, 
items, but do not overlook the recording in considerable detail of the selection of a : 3 
commanding officer, changes in command, deaths, missing persons, and navigstional 
information. 
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The best determination of the position of abandoning ship should be recorded, 
followed by a full account of courses, distances, positions, winds, currents, and leew~y. 
No important navigational information should be left to memory if it can be recorded. 

2613. Direction.—As one of the elements of dead reckoning, direction is an impor- i 

* tant item, As indicated ‘n article 2603, a deviaiion table for each lifeboat compass : 
should be determined in port, and checked periodically, At the first convenient oppor- ; 
tunity after abandoning ship the accuracy should be checked on the course to be 
followed. 

If an almanac, accurate Greenwich time, and the necessary tables are available, 
the azimuth of any celestial body can be computed and this value compared with the 
azimuth as measured by the compass. If it is difficult to observe the compass azimuth, 
select a body dead ahead and note the compass heading. The difference between 
computed and observed azimuths is compass error. This is of more immediate value 
than deviation, but if the latter is desired, it can be determined by applying to the 
compass error the variation, from the pilot chart. 3 

Several unique astronomical situations occur, permitting determination of azimuth i 3 
without computation: i 

Polaris is always within 2° of true north for observers between the equator and i 
latitude 60°N. When this star is directly above or below the celestial pole, its azimuth i 

‘is exactly north at any latitude, This occurs approximately when the érailing star of 

either Cassiopeia (« Cassiopeiae) or the Big Dipper (Alkaid) is directly above or directly 

below Polaris (fig. 2621). When a line through the trailing stars and Pclaris is hori- 

zontal, the maximum correction should be applied. Below latitude 50° this can be : 

_ considered 1°; and between 50° and 65°, 2°. If Cassiopeia is to the right of Polaris, vig) 3 

ah : 
} 
i 


com 


the azimuth is 001° (or 002°), and if to the left, 359° (or 358°). The south celestial 
Ee pole is located approximately at the intersection of a line through the longer axis 
E of the Southern Cross with a line from the northernmost star of Triangulum Australe 
Es perpendicular to the line joining the other two stars of the triangle. No conspicuous 
star marks this spot (figs, 2205-2208), 
Meridian transit. Any celestial body bears due north or south at meridian transit, 
either upper cr jower. This is the moment of maximum (or minimum) altitude of the 
body. However, since the altitude at this time is nearly constant during a considerable 
change of azimuth, the instant of meridian transit may be difficult to determine. If 
time and an almanac are available, and the longitude is known, the time of transit can 
be computed. 
Body on prime vertical. If any method is available for determining when a body 
is on the prime vertical (due east or west), the compass azimuth at this time cen be 
observed. Table 25 provides this information. Any body on the celestial equator 
(declination 0°) is on the prime vertical at the time of rising or setting. For the sun 
this occurs at the time of the equinoxes (art. 1419). The star Mintaka (8 Orionis), 
the leading star of Orion’s belt, has a declination of approximately 0°35 and can be 
* atte considered on the celestial equator. For an observer near the equator, such a body is 
always nearly east or west. Because of refraction and dip, the azimuth should be 
: noted when the center of the sun or a star is a little more than one sun diameter (half a 
degree) above the horizon. The moon should be observed when its upper limb is on = 
the horizon. 
; Body at rising or setting. Except for the moon, the azimuth angle (art. 1428) 
' of a body is almost the same at rising as at setting, except that the former is toward the 
east and the latter toward the west. If the azimuth is measured both at rising and set- ® 
yet ting, true south (or north) is midway between the two observed values, and the differ- 
a , ence between this value and 180° (or 000°) is the compass error. Thus, if the compass 
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azimuth of a body is 073° at rising, and 277° at setting, true south (180°) is at 

O14 ° 
OS tat 17 5° by compass, and the compass error is 5°E. This method may be 
in error if the boat is moving rapidly in a north or seuth direction. If the declination 
and latitude are known, the true azimuth of any body at rising cr setting can be deter-| 
mined Sy means of a diagram on the plane of the celestial meridian (art. 1432) or by: 
computation (art. 2125). For this purpose the body (except the moon) should be con-' 
sidered as rising or setting when its center is a little more than one sun diameter (half a, 
degree) above the horizon, because of refraction and dip. 

The direction of the sun in reJation to the hands of a watch is sometimes advocated, | 
but the limitations of this method are too great to permit general application. 

A simple nenastronomical method can be used for determining the deviation. | 
An object that will float but not drift rapidly before the wind is thrown overboard. | 
The boat is then steered as steadily as possible in the opposite direction to that desired. | 
At a distance of perhaps half a mile, or more if the floating object is still clearly in | 
view, the boat is turned around in the smallest practicable radius, and headed back 
toward the floating object. The magnetic course is midway between the course ¢ 
toward the object and the recip;ocal of the course away from the object. Thus, 
if the boat is on compass course 151° while heading away from the object, 
and 337° while returning, the magnetic course is midway between 337° and ; 


151°+-180°=331°, or S8P 35N" 334°, Since 334° magnetic is the same as 337° 


by compass, the deviation on this heading is 3°W. 

If a compass is not available, any celestial body can be used to steer by, if its 
diurnal apparent motion is considered. A reasonably straight course can be steered 
by noting the direction of the wind, the novement of the clouds, the direction of the 
waves, or by watching the wake of the boat, A line can be secured to the side of the 
boat at a point amidships or forward. The line should tend paraliel to the centerline 
of the boat if on a straight course. The angle between the centerline and the wake is 
an indication of the amount of leeway. The accuracy of the towed-object or wake 
method is affected adversely by a cross sea, 

A body having a declination the same as the latitude of the destination is over | 
the destination once each day, at the time when its hour angle is the same as the longi~ | 
tude, measured westward through 360°. At this time it should be dead ahead if the ! 
boat is following the great circle leading directly through the destination. 

2614. Motive power.—A lifeboat is equipped with one or more of the following | 
mears of locomotion: oars, hand-operated propeller, motor, sail. Inflatable rafts usually _ 
have no means of locomotion other than paddles. Of these, only sail offers a practical — 
means of travel over an extended period of time. Men living in an open boat, perhaps } 
on reduced rations, should not attempt to expend their strength on hand locomotion, 
except for short periods. Likewise, the comparatively small fuel supply in a motorbeat : 
should be hoarded jealously. It may be desperately needed later, as for landing through 
a surf, preventing the boat from drifting onto a rocky coast, or making the land when a 
strong current is carrying the boat past an island. 

A sail should be rigged, for in it lies the best hope of reaching distant land. If the ._ 
standard lifeboat sail is not available, a sukstitute can usually be devised, using the 
boat cover, or even clothing, and oars. 


| 
| 
| 


2615. Disiance can be determined directly between accurate fixes, but generally he 


it is found by means of speed and elapsed time. A Icaded lifeboat will not travel fast, 
under normal conditions. With fair wind and weather it may make good a sped of 
about two knots through the water. Hence the importance of wind and current. The 
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navigator used to observing the sea from a high bridge usually overestimates his speed 
in a lifeboat, where he is only a few feet from the water. With practice, his ability 
should improve. 

Speed may be determined by using a form of chip log. Attach a long line tu a 
heavy, floating object. Put one knot in the line twelve or fifteen fathoms from the 
object, and another just ten fathoms (or any convenient distance) from the first. 
Stream the device over the side and Jet the line run out freely, noting the elapsed time 
between passage of the two knots through the hand. A variation of this is the Dutch- 
man’s log. A floating object is thrown ove ard at the bow, and the elapsed time 
required for a known length along the center: e to pass it is noted. If a line is attached 
to the object, it may be used many times. With either variation, it is well to tie the 
bitter end of the line to the boat, to minimize danger of losing the whole device 
overboard. 

: With either the chip or Dutchman’s log, the speed is determined by the formula: 
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g80 seconds per minute X60 minutes per hourXfeet between marks 
~~ 6,000 feet per mileXseconds of elapsed time 


This is equal to: 


S= 3,600 Xfeet between marks _ 0.6 feet between marks 


* eo ‘ 


; ~ 6,000 Xseconds of elapsed time seconds of elapsed time 


sae : Since the feet between marks is constant, a convenient number can be selected. Thus, 
: if the length is 16%; feet, the formula becomes 


eee oe NO et 
seconds of elapsed time 


If the elasped time is ten seconds, the boat is traveling at one knot; if five seconds, at 
two knots; if eight seconds, at 1% knots, etc. 

If a watch is not available, a simple pendulum may be devised to time the interval. 
A piece of string with a weight attached, of a length of 9.8 inches (to the center of gravity 
of the weight), will, when suspended, make a complete swing (back and forth) once every 
second. For a pendulum 39.1 inches long the period is two seconds. With practice, 
time can be estimated with fair accuracy. 

It is not always possible to head directly along the course to the destination, 
because of adverse winds. It is better to make good progress in the general direction 
desired than none at all, and much better on morale. However, at times conditions, 
Ee may be so adverse that it will be best to drop sail until the wind shifts or abates. At 
e such a time a sea anchor should be streamed to minimize loss of precio 1s mileage, si 
= and, in severe conditions, to keep the boat headed into the ses. 

2616. Position by dead reckoning.—Plotting can be done directly on a pilot 
chart or plotting sheet. If this proves too difficult, or if an independent chec’: is desired, 
some form of mathemetical reckoning may be useful. Table 2616, a simpli.ied traverse 
table, can be used for this purpose. This is a critical-type table, varior. factors being 
‘ given for limiting values of certain angles. To find the difference or chars of latitude, 





so cree -—rnmers pew teatime EO Aa aN RN, Rieter 
fh 
i : ‘ 
it * 2 + 
, : 
i 
sa tlh vba bt Yh hap oar a 


F 
pith 8 a DBE as ah 


_ able 





ANGLE O° 18° 31° 41° 49° 56° 63° 69° 75° 81° 87° 90° 
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TasLeE 2616.—Simplified traverse table. 


Diss ide canueanuips 


a 
Wiis ud pow tugs fm wy Abang, ih st 










































































































































































eee eT i ¥ rit mnt Penner 
Pre ener TCR SRL anu ee eR EG 




































































70¢ LIFEBOAT NAVIGATION 


in minutes, enter the table with course angle, reckoned from north or south toward the 
east or west. Multiply the distance run, in miles, by the factor. To find the departure, 
in miles, enter the table with the complement of the course angle. Multiply the distance 
run, in miles, by the factor. To convert departure to difference of longitude, in minutes 
enter the table with mid latitude. Divide the departure by the factor. 

Hzample.—A lifeboat travels 26 miles on course 205°, from L 41°44’N, \56°21/W. 

Required—Latitude and longitude of the point of arrival. 

Solution —The course angle is 205°—180°=S25°W, and the complement is 90° . 
—25°=65°. The factors corresponding to these angles are 0.9 and 0.4, respectively. The 
difference of latitude is 26X0.9=23’ (to the nearest minute) and the departure is 
26X0.4=10 mi. Since the course is in the southwestern quadrant. in the Northern 
Hemisphere, the latitude of the point of arrival is 41°44’N—23’=41°21’N. The factor! 
corresponding to the mid latitude 41°32’N is 0.7. The difference of longitude is 10) 
+-0.7=14’. The longitude of the point of arrival is 56°21’ W-+- 14’ = 56°35’ W. | 

Answer.—L41°21'N, \56°35/W. 


~ 
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Celestial Navigation 


2617. Celestial coordinates——Almanac information, particularly declination and 
Greenwich hour angle of bodies, is important to celestial navigation. If the current 3 
Nautical Almanac is available, there is no problem. If the only copy available is for 4 
a previous year, it can be used for the sun, Aries, and stars without serious error, by & 
lifeboat standards. However, for greater accuracy, proceed as follows: For declination & 
of the sun, enter the almanac with a time that is earlier than the correct time by 5°49” 3 
times the number of years between the date of the almanac and the correct date, adding § 
24° for each February 29 that occurs between the *‘es. If the date is February 29, use & 
March 1 and reduce by one the number of 24" penods added. For GHA of the sun or 3 
Aries determine the value for the correct time, adjusting the minutes and tenths of § 
arc to agree with that at the time for which the declination is determined. Since the § 
adjustment never exceeds half a degree, care should be used when the value is near a § 
whole degree, to prevent the value from being in error by 1°. Appendix H is a long-term § 
almanac giving values of GHA, and GHA and declination of the sun. Instructions 
for its use are included in the appendix. A reproduction of this almanac might profitably 
be included in the navigational kit mentioned in article 2602. 

If no almanac is available, a rough approximation of the declination of the sun 
can be obtained as follows: Count the days from the given date to the nearer solstice 
(June 21 or December 22). Divide this by the number of days from that solstice to i 
the equinox (March 21 or September 23), using the equinox that will result in the given 





date being between it and the solstice. Multiply the result by 90°. Enter table 2616 |- 


with the angle so found, and extract the factor. Multiply this by 23°45 to find the 
declination. 


Example.1.—tThe date is August 24. 


Required.—The approximate declination of the sun. es 


Solution.—The number of days from the given date to the nearer solstice (June 
21) is 64. There are 94 days between June 2] and September 23. Dividing and multi- . 
plying by 90°, 


64 OW p}° P 
54 X90°=61°3. | ud A 


The factor frem table 2616 is 0.5. The declination is 23°450.5=11°7. It is known | ~~... 


to be north because of the date. 
Answer.—Dec. 11°7N. 
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The accuracy of this solution can be improved by considering the factor of table 
2616 as the value for the mid angle between the two limiting ones (except that 1.00 
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is correct for 0° and 0.00 is correct for 90°), and interpolating to one additional decimal. 
In this instance the interpolation would be between 0.50 at 59°5 and 0.40 at 66°. 


The interpolated value is 0.47, giving a declination of 11°0N. Still greater accuracy 


can be obteined by using a table of natural cosines instead of table 2616. By natural 


cosine the value is 11°3N. 


If the latitude is known, the declination of any body can be determined by 


observing a meridian altitude. In a lifeboat it is usually best to make a number of 
observations shortly before and after transit, plot the values on cross-section paper, 
letting the ordinate (vertical scale) represent altitude, and the abscissa (horizontai 
scale) the time. The altitude is found by fairing a curve or drawing ar arc of a circle 
through the points, and taking the highest value. A meridian altitude problem is then 


solved in reverse. 


Example 2.—The latitude of a lifeboat is 40°16’S. The sun is observed on the 


meridian, bearing north. The observed altitude is 36°29’. 


Required.—Declination of the sun. 
Solution.—The zenith distance is 90°—36°29’=53°31’. The sun is 53°31’ north 


-of the observer, or 13°15’ north of the equator. Hence, the declination is 13°15’N. 


Answer.—Dee. 13°15/N. 


Y The GHA 7 can be determined approximately by considering it equal to GMT 
:(in angular units) on September 23. To find GHA Y on any other date, add 1° for 
;each day following September 23. The value is approximately 90° on December 22, 
=180° on March 21, and 270° on June 21. The values so found can be in error by as 
-much as several degrees, and so should not be used if better information is available. 
-An approximate check is provided by the great circle through Polaris, Caph (the leading 


ster of Cassiopeia), and the eastern side of the square of Pegasus. When this g:eat 


-eircle coincides with the meridian, LHA T is approximately 0° ihe hour angle of a 
body is equal to its SHA plus the hour angle of Aries. 

If an error of as much as 4°, or a little more, is acceptable, the GHA of the sun 
can be considered equal to GMT+180° (12%). For more accurat® results, one can 
‘make a table of the equation of time from the Nautical Almanac perhaps at five- or 
ten-c y intervals, and include this in the emergency navigation kit mentioned in 
article 2602. The equation of time is applied according to its sign to GMT+180° to 


find GHA. 


2618. Altitude measurement.—If « sextant is available, either one from the pilot 


house ox an emergency-type instrument, altitudes are measured in the usual manner. 
The sextant should be shielded as much as possible from wind and spray. If the sea is 
rough, the observer should brace himself against the mast and make his observation 
when on the crest of a wave, when the horizon is least likely to be obscured by nearby 
waves. It is usually good practice to make a number of observations and average both 
the altitudes and times, or plot on cross-section paper the altitudes versus time, using 


any convenient time and the corresponding aititude for solving the observation. 


The improvisations which may be made in the absence of a sextant are so varied 
that in virtually any circumstances the application of a little ingenuity and some effort 
will produce a device for measuring altitude. The results obtained with any improvised 
method will be approximate at best, but if a number of observations are averaged, the 
- accuracy should be improved. Aimost always a measurement, however approximate, 


is better than an estimate. Two general classes of improvisation are available: 


1. By circle. Any circular scale, such as a maneuvering board, compass rose, pro- 
tractor, or plotter can be used to measure altitude or zenith distance directly. This is 
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the principle of the ancient astrolabe (art. 124). A maneuvering board or compass rose is 
usually handled best by mounting it on a flat board. A protractor or plotter may be so| 
mounted or used directly. There are a number of variations of the technique of using} 
such a device. Some of them are: j 

A peg or nail is placed at the center of the circle and perpendicular to it. A weight| 
is hung from the 90° graduation, and a string for holding the device is attached at the| 
270° graduation. When it is held with the weight acting as a plumb bob, the 0°-180°! 
line is horizontal (fig. 2618). In this position the board is turned in azimuth until it: 
is in line with the sun. The intersection of the shadow of the center peg with the are of: 
the circle indicates the altitude of the center of the sun. 

The weight and loop can be omitted and pegs placed at the 0° and 180° points of the| 
circle. While one observer sights along the line of pegs to the horizon, an assistant notes! 
the altitude. 

The weight can be attached to the center pin, and the three pins (0°, center, 180 0)! 
aligned with the celestial body. The reading is made at the point where the string hold-' 
ing the weight crosses the scale. The reading thus obtained is the zenith distance unless : 
the graduations are labeled to indicate altitude. This method, illustrated in figure 2618b, : 
is used for bodies other than the sun. 

Whatever the technique it is good practice to reverse the device for half the readings 
of a series, to minimize errors of construction. Generally, the circle method produces 
more accurate results than the right triangle method, described below. 

2. By right triangle. The principle of the ancient cross-staff can be used to estab- 
lish one or more right triangles, which can be solved by measurement of the angle 
representing the altitude, either directly or by reconstructing the triangle. Another way 
of determining the altitude is to measure two of the sides of the triangle and divide one 
by the other to determine one of the trigonometric functions. This procedure, of course, 
requires a source of information on the values of trigonometric functions corresponding 
to various angles. If the cosine is found, table 2616 can be used. The tabulated factors 
can be considered correct to one additional decimal for the value midway between the 
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Figure 2618b.—Improvised astrolabe; direct sighting 
method. Pegs and board shown tilted for clarity. 
limiting values (except that 1.00 is the correct value for 0° and 0.00 is the correct value for 
90°) without serious error by lifeboat standards. Interpolation can then be made between 
such values. By either protractor or table, most devices can be graduated in advance so 
that angles can be read directly. There are many variations of the right triangle method. 


Some of these are: 

Two straight pieces of wood can be attached to each other in such a way that the 
shorter one can be moved along the longer, the two always being perpendicular to 
each other. The shorter piece is attached at its center. One end of the longer arm is 
held to the eye. The shorter arm is moved until its top edge is ‘n line with the celestial 
body, and its bottom edge is in line with the horizon. Thus, two right triangles are 
used (the third sides being the slant distances between the ends of the arms) each repre- 
senting half the altitude (fig. 2618c). For low altitudes, onlv one of the triangles is used, 
the long arm being held in line with the horizon. The length of half the short arm, 
divided by the length of that part of the long arm between the eye and tiie intersection 
with the short arm, is the tangent of half the altitude (the whole altitude if only one 
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Fiavure 2618¢.—Improvised cross-staff. 
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right triangle is used). Th cosine can be found by dividing that part of the long arm 
between the eye and the intersection with the short arm by the slant distance from the 

eye to one end of the short arm. Graduations consist of a series of marks along the long| 
arm indicating settings for various angles. The device should be inverted for rer 
readings of a series. 

A ‘rule or any stick can be held at arm’s length. The top of the rule is placed in line! 
with the celestial body being observed, and the top of the thumb is placed in line with’ 
the horizon. The rule is held vertical. The length of rule above the thumb, divided by 
the distance from the eye to the top of the thumb 1s the tangent of the angle observed. 
The cosine can be found by dividing the distance from the eye to the top of the thumb 
by the distance from the eye to the top of the rule. If the rule is tilted toward the eye 
until the minimum of rule is used, the distance from the eye to the middle of the rule 
is substituted for the distance from the eye to the top of the thumb, half the length of : 
the rule above the thumb is used, and the angle found is multiplied by two. Graduations | 
consist of marks on the rule or stick indicating various altitudes. For the average 
observer each inch of rule will subtend an angle of about 2°3, assuming an eye-to-ruler ; 
distance of 25 inches. This relationship is good to a maximum altitude of about 20°. | 
The accuracy of this relationship for a specific observer can be checked by comparing j 


aR MANOR NOMEN AN NR 


the measurement against known angles in the sky. Angular distances between stars {, 


can be computed by sight reduction methods, including Pub. No. 229, by using the j 
declination of one star as the latitude of the assumed position, and the difference | 
between the hour angles (or SHA’s) of the two bodies as the local hour angle. The ‘ 
angular distance is the complement of the computed altitude. The angular distances 
between some well-known star pairs are: end stars of Orion’s belt, 2°7; pointers of 
the Big Dipper, 5°4, Rigel to Orion’s belt, 9°0; eastern side of the great square of 
Pegasus, 14°0; Dubhe (the pointer nearer Polaris) and Mizar (the second star in the 
Rig Dipper, counting from the end of the handle), 19°3. 

The angle between the lines of sight from each eye is, at arm’s length, about 6°. 
By holding a pencil or finger horizontal, and placing the head on its side, one can esti- 
mate an angle of about 6° by closing first one eye and then the other, and noting how 
much the pencil or finger appears to move in the sky. 

The length of the shadow of a peg or nail mounted perpendicular to a horizontal 
board can be used as one side of an altitude triangle. The other sides are the height | 
of the peg and the slant distance from the top of the peg to the end of the shadow. The ! 
height of the peg, divided by the length of the shadow, is the tangent of the altitude of 
the center of the sun. The length of the shadow divided by the slant distance is the 
cosine. Graduations consist of a series of concentric circles indicating various altitudes, | 
the peg being at the common center. The device is kept horizontal by floating it in ; 
a bucket of water. Half the readings of a series are taken with the board turned 180° | 
in azimuth. 

Two pegs or nails can be mounted perpendicular to a board, with a weight hung 
from the one farther from the eye. The board is held perpendicular and the two pegs 
aligned with the body being observed. The finger is then placed over the string holding 
the weight, to keep it in position as the board is turned on its side. A perpendicular 
is dropped from the peg nearer the eye, to the string. The altitude is the acute angle 
nearer the eye. For alternate readings of a series, the board should be inverted. Gradua~ 
tions consist of a series of marks indicating the position of the string at various altitudes. 

As the altitude decreases, the triangle becomes smaller. At the celestial horizon 
it becomes a straight line. No instrument is needed to measure the altitude when either 
the upper or lower limb is tangent to the horizon, as the “sextant” altitude is then 0°. 
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2619. Sextant altitude corrections.—If ultitudes are measured by a marine sextant, 
the usual sextant altitude corrections apply (ch. XVI). If the center of the sun or 
moon is observed, either by sighting at the center or by shadow, .4e lower-limb correc- 
tions should be applied, as usual, and an additional correction of (—)1€’ applied. If 
the upper limb is observed, use (—)32’. If a weight is used as a plumb bob, or if the 
length of 2 shadow is measured, omit the dip (height of eye) correction. 

If the almanac is not available for making corrections, each source of error can be 
corrected separately, as follows: 

Index correction. If a sextant is used, the index correction should be determined 
and applied to all observations, or the sextant adjusted to eliminate index error. 

Refraction is given to the nearest minute of arc in table 2619. The value for a hori- 
zon observation is 34’. If the nearest 0°1 is sufficiently accurate, as with an improvised 
method of observing altitude, a correction of 0°1 shou!d be applied for altitudes between 
5° and 18°, and no correction applied for greater altitudes. Refraction applies to all 
observations, and is always a minus (—) correction. 
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TaBLE 2619.—Refraction. 


Dip, in minutes of arc, is approximately equal to the square root of the height of 

* eye, in feet. The correction applies to all observations in which the horizon is used as 

the horizonta! reference. It is always a minus (—) correction. If 0°1 accuracy is used, 
: no dip correction is needed for lifebuat heights of eve. 

SemiJiameter. The semidiameter of either the «un or moon does not differ greatly 


from 16’. The ccrrection does not apply to other bodies or to observations of the center 
‘of the sun and moon, by whatever method, including shadow. The correction is plus 
(+) if the lower limb is observed, and minus (—) if the upper limb is observed. 

Parallax. For lifeboat accuracy, parallax is applied to observations of the moon 
only. An approximate value, in minutes of arc, can be found by multiplying 57’ by 
the factor from table 2616, entering that table with altitude. For more accurate results 
the factors can be considered correct to one additional decima! for the altitude midway 
between the limiting values (except that 1.00 is correct for 0° and 0.06 is correct for 
90°), and the values for other altitudes can be found by interpolation. This correction 
is always plus (+). 

For observations of celestial bodies on the horizon, the total correction for zero 
height of eye is: 


were fay Aube tim Eee ws 


Sun. Lower limb: (—)18’, upper limb: (—)50’. 
Moon. Lower liinb: (+-)39’, upper limb: (+-)7’. 
Planzi or star. (—)34’. 


* Dip should be added algebraically to these values. 

Since the “sextant” altitude is zero, the “observed” altitude is equal to the total 
correction. 

2620. Sight reduction—If any tables designed for sight reduction, such as Pub. 
No. 229, are available, they should be safegusrded to prevent loss or damage. If trigo- 
nometric tables and the necessary formulas are available, they will serve the purpose. 
Speed in solution is seldom a factor in a lifeboat. A slow method might actually be an 
asset, from a morale standpoint, as it will provide occupation for a limited time fer 
at least one crew member. The tables and formulas given in volume II would be useful. 
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a 


If tables but no formulas are available, carefully determine the mathematical knowiecee} 7 
possessed by the crew. Someone may be able to provide the missing information. If 
the formulas are avaiiable, but no tables, approximate natural values of the various 
trigonometric functions can be obtained graphically by the method explained in 
article 139 of volume II. Graphical solution of the navigational triangle can be made 
by the orthographic method explained in article 1432. A maneuvering board might 
prove helpful in the graphical solution for either trigonometric functions or altitude 
and azimuth. Very careful work w:il be needed for useful results by either method. 

Unless full navigational equipment is available, better results might be obtained j 
by making separate determinations of latitude and longitude. 

2621. Latitude determination.—Several methods are available for determining 
latitude, and in none of them is accurate time needed. 

Meridian altitude. Latitude can be determined by means of a meridian altitude 
of any body, if its declination is known. The method is explained in article 2103. If 
accurate time, knowledge of the longitude, and an almanac are available, the observa- 
tion can be made at the correct moment, as determined in advance. However, if any 
of these is lacking, or if an accurate altitude-measuring instrument is unevailable, 
better procedure is to make a number of altitude observations before and after meridian § 
transit. A plot is then made of altitude versus tine, if cross-section paper is availakle, 8 
ard the highest (or lowest, for lower transit) altitude is scaled from a curve faired # 
through the plotted points. At lifeboat speeds this procedure is not likely to introduce : 
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significant error. The time use for plotting the ebservations need not be accurate, 
as elapsed time between observations is all that is needed, and this is not of critical 
accuracy. Thus, even a watch that has run down and then been rewound can be used 
without resetting. Any altitudes that are not consistent with others of the series should 
be discarded. 

Polaris. Latitude br Polaris is explained in article 2105. In a liteboat, only the 
first correction is of practical significance. If suitable tables are not available, this 
correction can be estimated. The trailing star of Cussiopeia (€ Cagsiepsiae) and Polaris 
have almost exactly the same SHA. The traiung star of the Big Dipper (Alkaid) is 
nearly opposite Polaris and « Cassiopeiae. ‘There three s.ars, ¢ ( assiepeiae, Polaris, anJ 
Alkaid, form a line through the pole (appre imately). When this line is horizontal. 
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Fievure 2621.—Relative positions of « Cassio- iw 
peiae, Polaris, and Alkaid with respect to the ae 
north celestial pole. 
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there is no correction. When it is vertical, the maximum correction of 56’ applies. 
It should be added to the observed altitude if Alkaid is at tie top, and subtracted if 
« Cassiopeiae is ai the top. For any other position, estimate the angle this line makes 
wich the vertical (fig. 2621), and multiply the maximum correction (56’) by the factor 
from table 2616, adding if Alkaid is higher than ¢ Cassiopeiae, and subtracting if it is 
lower. For more accurate results, the factor from table 2616 can be considered accu- 
rate to one additional decimal for the mid value between those tabulated (except that 
1.00 is correct for 0° and 0.00 for 90°). Other values can be found by interpolation. 
Length of day. The length of the day varies with latitude. Hence, latitude ca 
be determined if the elapsed time between sunrise and sunset can ve observed. Correct 
the observed length of day by adding 1™ for each 15’ of longitude traveled toward the 
east and subtracting 1™ for each 15’ of longitude traveled toward the west. The latitude 
determined by length of day is the value for the time of meridian transit. Since meridian 
transit occurs approximately midway between sunrise and sunset, half the interval 
may be observed and doubled. If a sunrise and sunset table is not available, the length 
of daylight can be determined graphically by means of a diagram on the plane of the 
celestial meridian (art. 1432). A maneuvering board is useful for this purpose. This 
method cannet be used near the time of the equinoxes, and is of little value near the 
equator. The moon can be used if moonrise and moonset tables are available, but 
with the moon the half-interval method is of insufficient accuracy, and allowance 


- should be made for the longitude correction. 


Body in zenith. The declination of a body in the zenith is equal to the latitude of 
the o': urver. If no means are available for measuring the altitude, the position of the 
zenith may possibly be estimated in a calm sea by lying in the lifeboat and looking 
skyward. The accuracy uf the results depends upon the ability to estimate the position 
of the zenith. Use of a plumb bob may help. 

Variation of the compass can occasionally be used for determining latitude, as 
explained in article 2622. 

2622. Longitude determination—Unlike latitude, longitude requires accurate 
Greenwich time for its determination by astronomical means. All such methods consist 
of noting the Greenwich time at which a phenomenon occurs locally. In addition, a 
table indicating the time of occurrence of the same phenomenon at Greenwich, or 
equivalent information, is needed. 

Time of transit. When a body is on tne Iccal celestial meridian, its GHA is the 
same as the longitude of the observer if in west longitude, or 360°—\) in east longitude. 
Thus, if the GMT of local transit is determined and a table of Greenwich hour angles 
(or time of transit of the Greeny. .ch meridian) is available, longitude can be computed. 
If only the equation of time is available, the method can be used with the sun. This 
is the reverse of the problem of finding the time of transit of a body (art. 2104). The 
time of transit is not always apparent. If a curve is made of altitude versus time, as 
suggested in article 2621, the time corresponding to the highest cititude is used in the 
determination of longitude. Under some conditions it may be preferable tu observe 
an altitude before meridian transit and then again efter meridian transit, when the 
body has returned to the same altitude as at the first observation. Meridian transit 
occurs midway between these two times. A body in the zenith 1s on the celestial meridian. 
If accurate azimuth measurement is available, note the time when the azimuth is 000° 
ur 180°. 

Sunrise and sunset. The difference between the observed GMT of sunrise or sun- 
set and the LMT tabulated in the almanac is the longitude in time units, which can 
then be converted to angular measure. If the Nautical Almanac is us-d, this informa- 
tion is tabulated for each third day only. Greater accuracy can be obtained if inter- 
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polation is used for determining intermediate values. Moonrise or moonset can be| 
used if the tabulated LMT is corrected for longitude (art. 1812). Planets and sete 
can be used if the means are available for determining the time oi rising or setting. | 
This can be determined by computation (art. 2536) or, approximately, by means of a! 
diagram on the plane of the celestial meridian (art. 1432). 

Either u: these methods can be used in reverse to set a watch that has run down, 
er to check the accuracy of a watch, if the longitude is known. In the case of a meridian 
transit the time need not be determined at the instant of transit. The watch is started 
and the altitude is then measured several times before and after transit, or at equal 
altitudes, The times of these observations are noted and from them the time of meridian 
transit is determined. The difference between this time and the correct time of transit - 
can then be used as a correction to reset the watch. If a watch runs down and cannot be 
reset from other timepieces, the correct time should be determined at the first op- 
portunity, if the longitude accuracy is likely to deteriorate. 

Variation of the compass. If the deviation of the compass is known accurately | 
and an accurate azimuth can be observed, it is possible to determine the variation. 
If this is compared with the variation shown on the pilot chart, an approximate line 
of position can be determined. Since in many areas these lines run in a generally north- 
south direction, this may be an indication of the longitude. However, if the line has a 
large east-west component, it should be considered as any other such line of position, 
rather than as a longitude line. In some areas it is more nearly a latitude line. The 
accuracy of the method depends upon the accuracy with which the variation can be 
determined, and the spacing between adjacent isogonic lines. 

Time sight. If altitude of a celestial body is available, including zero “sextant’’ 
altitude at rising or setting (art. 2619), longitude can be found by time sight (art. 2106). 


Approaching Land 


2623. Signs of land.—There are a number of signs which may indicate that the 
lifeboat is approaching land, 

The sky will sometimes indicate a break in the open sea. A small fixed cloud, when 
surrounding ones are in motic or absent, will usually be over or close to land, At high 
Jatitudes, a light-colored reflection in the sky might be over an ice area; a light green | 
reflection in the tropical sky might indicate a shallow lagoon. Such indications may be ' 
even more apparent on the under side of a uniforr. cloud layer. 

Birds most often fly away from land at dawn and toward it at dusk. A large number 
of birds may indicate the nearness of land. i 

Swell, properly interpreted, may be used as a guide to land. Consecutive swells | 
travel parallel until they reach an island and then “bend” around it. Eddies are formed , 
where the distorted swell meets beyond the island. This eddy line may be used as a ; 
bearing to land, sometimes at a considerable distance. 

The color of the sea may act as a guide in finding land as the open sea generally 
appears dark blue or dark green, and a lighter shade indicates shallow water, which 
may be near land. ; 

The sound of the surf is often heard while still a considerable distance from land. 
Other sounds may also be heard at great distances. 

Odors, as from burning wood, sometimes corry a long way out to sea. 

Sounds and odors may be particularly helpful in periods of reduced visibility. 

2624. Distance off.—At sea in a lifeboat the navigator is handicapped by his 
limited range of visibility. Distance to the horizon, in nautical miles, is given approxi- 
nately by the formula 1.15yh, h being the height of eye in-feet. Thus, distance in . 
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miles is approximately 1% times the square root of the height in feet. At an eye height 
of nine feet, the horizon is about 3% miles away. A loaded Victory ship, whose greatest 
mast height is about 81 feet above the waterline, could be seen 1.15/81 or 10.35 miles 
by an observer at zero height of eye. At a height of eye of nine feet the top of the mast 
should break the horizon when the ship is about 13.8 miles off. 

If the height of an object above the horizon, or the distance between points on 
it is known, a simple proportion can be solved to determine the distance off by use of 
the cross-staff (art. 2618) or a similar device. To do this, align the two ends of the 
crosspiece with top and bottom, or two ends, of the object. The ratio of the length of 
the crosspiece to the length from this piece to the eye is the same as the ratio of the 
height (or length) of the object to its distance from the observer (fig. 2624). Thus, if 
the crosspiece is 18 inches and the intercepted length of the long piece is 31 inches, the 
distance to an island 1 miles wide in the line of sight is found from the proportion 


181.5 |, D_31 
31 D’~ 15 18 


patdx3l 


is =2.6 miles. 





In this proportion the two parts of either fraction must be expressed in the same units 
if results are to be obtained without a conversion factor. Thus, both 18 and $1 are 
expressed in inches, and both 1.5 and 2.6 are in miles, For small or Jistant objects 
the crosspiece may be too long. In this case replace it with a shorter one, use half or 
less of it, or substitute some other device such as a rule held at arm’s length. In the 


~ case of a height, only the visible part of the object is used if the horizon is between the 


observer and the object. 

A variation of this method can produce approximate results rather quickly. Hold 
a pencil, stick, or finger vertical at arm’s length. Close one eye and align the vertical 
member with one end of an object such as an island. Open the closed eye and cluse 
the other one. Estimate the distance the vertical member appears to move against 
the background. The distance of the background object is ten times the amount of 
apparent movement, in the same units. The actual ratio varies somewhat among 
individuals and can be determined by comparing the length of the outstretched arm with 
the distance between eyes—or by practice on objects of known size at known distances. 
For vertical objects hold the extended member horizontal and bend the head until it, 
also, is horizontal. 

2625. Beaching the boat.—The beaching ot a lifeboat may be one of the most 
dangerous parts of the entire experience. The approach to an island should be made 





Tigure 2624.—Using the cross-staff to measure distance. 
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on the lee side, if possible, and every effort should be made to attract the attontion of 
any inhabitants so that advice on the best place to land, and perhaps assistance, might 
be obtained. If no help is a- ‘lable, sail parallel to the coast to study the terrain and 
determine the safest place t. beach the boat. A lagoon or other sheltered area may be 
available. It may be necessery to delay the landing overnight to make a complete study 
of the terrain and to beach the beat by daylight. Surf appears less rough from the sea 
than from land. High spray indicates a rough surf. 

If a steering oar is available, the rudder should be unshipped before the boat is 
brought in, as the steering oar will provide better control in the surf zone. The sea 
anchor should be used to lessen the possibility of broaching and capsizing. Storm oil | 
should be used, if available, to reduce the roughness of the surf. It is possible that the . 
course can be altered somewhat while heading in to the beach, to take advantage of a! 

: better opening, but care should be taken to avoid broaching. Additional information | 
on handling a beat in a surf can be found in nearly any book on seamanship. i = 

2626. Ashore——Once the boat has been safely beached, the problem remains to| - a 

lead the survivors to civilization. Perhaps the land will be heavily populated and the | 
= boat met by local people, or the way to safety may be indicated by a road or trail. 
But the boat may be beached at a deserted place where there are no signs of life. 

Many of the methods used to determine position at sea may also be used ashore, 

and usually with greater accuracy due to the absence of motion. 
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2613a. The compass azimuth of the sun is 126° at rising and 252° at setting. 









: Required.—Compass error. 3 

ek ; , Answer.—CE 9°W. ; 3 
j ; 2613b. A life preserver is thrown overboard from a lifeboat and the boat headed § g 
' away on course 355°. At e distance of half a mile the boat turns and heads back for § - 2 

the life preserver. The return course is 169°. The variation is 5°W. : : 

Required.—(1) True course back to the life preserver. 3 

(2) Deviation on this heading. 5 ;| 

Answers.—(1) TC 167°, (2) D 3°E. i 3 

2615. The two knots in the log line of an improvised chip log of a lifeboat are § ‘: 

% feet apart. The elapsed time between passage of the knots through the hands § i 

of the observer is four seconds. 

Required.—Speed of the lifeboat. 4 

Answer.—S 2.5 kn. 3 

2616. A lifeboat travels 18 miles on course 110°, from lat. 35°15’S, long. 82°31’W. 2 

Required.—Latitude and longitude of the point of arrival. 7 

Answer.—L 35°20’S, \ 82°11’ W. 3 

2617a. The date is November 15. } 4 

Required.-—The approximate declination of the sun, without reference to an Jas 

almanac. ¢ 


Answer.—Dec. 18°8’8. } 
2617b. The latitude of a lifeboat is 22°47’N. A star is observed on the meridian, ' 
bearing north. The observed altitude is 66°50’. 
Required.— Declination of the star. 
Answer.—Dec. 45°57'N. 
2617c. The GMT is 1000, October 15. 
Required.—-Approximate GHA 7, without refere:ice to an almanac. 
Answer.—GHA ¥ 172°. 
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2624. Approaching land, the navigator wishes to determine his distance from a 
: lighthouse situated on the coast. He holds a rule at arm’s length and finds that % 
inch of the rule appears the same height as the top of the lighthouse above water. He 
_ estimates the distance from his eye to the rule as 24 inches, and the height of the top 
of the lighthouse as 150 feet above water. 

Required.—Distance to the lighthouse. 

Answer.—D 0.9 mi. 
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CHAPTER XXVIII 
NAVIGATIONAL SAFETY 


2701. Introduction.—The discussion of navigational safety in this chapter supple- 
ments the discussions of safety matters in other chapters. For example, the fallibility 
of floating aids to navigation is discussed in chapter IV. 

Where applicable, the mariner should always refer to the more detailed informa- 
tion given in the publications corrected by Notice to Mariners, e.g. Pubs. Nos. 117A 
and 117B, Radio Navigational siids. 


Published Warnings 


2702. Notice to Mariners is published weekly by the Defense Mapping Agency 
Hydrographic Center and is prepared jointly with the National Ocean Survey and the 
U.S. Coast Guard. It is published to advise mariners of important matters affecting 
navigational safety, including new hydrographic discoveries, changes in channels and 
aids to navigation, etc. (U.S. Code Title 10, Secs. 7391 and 7392 and Title 44, Sec. 1336 

refers). Besides keeping mariners informed generally, the information published in 
Notice to Mariners is particularly designed to simplify the correction aboard oceangoing ] 
ships of charts, sailing directions, light lists, and other publications produced by the ‘ 


oe wt memes w 




























" Defense Mapping Agency Hydrographic Center, National Ocean Survey, and the 
U.S. Coast Guard. The Second and Ninth U.S. Coast Guard Districts are not included 
in the coverage of this Notice. 

All corrections listed affect the safety of navigation, and it is the responsibility 
of users to decide which of their charts and publications require correction. In the 
interest of navigational safety, suitable records of Notice to Mariners corrections should 
be maintained to facilitate the updating of charts and publications prior to their use. 
Because of the sometimes transitory nature of aids to navigation, depths, and port 
information, local area sources should be consulted whenever possible. 

Information for Notice to Mariners is contributed by the following agencies: 
Defense Mapping Agency Hydrographic Center (Department. of Defense) for waters 
outside the territorial limits of the United States; Nationa! Ocean Survey (National 
Oceanic and Atmospheric Administration, Department of Commerce), which is charged 
with the surveys and charting of the coasts and harbors of the United States and its 
territories; the U.S. Coast Guard , “epartment of Transportation) which is responsible 
for the safety of life at sea and the establishment and operation of aids to navigation; 
and the Corps of Engineers, U. S. Army (Depertment of Defense) which is charged 
with the improvement of rivers and harbors of the United States. In addition, important 
contributions are made by foreign hydiographic offices and cooperating observers of 
all nationalities. 

Notice to Mariners, relating to the Great Lakes and tributary waters west of Mon- 
treal, Canada, is published weekly by the U. S. Coast Guard. These Notices contain 
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Mariners are requested to cooperate in the corrective maintenance of navigational | 
charts and publications by reporting all discrepancies between published information | 
and conditions actually observed or encountered, and by recommending appropriate: 
additions, deletions, or improvements. A convenient -eporting form is provided in the; 
back of most issues of Notice to Mariners. 

Information affecting National Ocean Survey charts and publications, or concern- 
ing coasts and waters of the United States and its territories should be sent to the 
Director, National Ocean Survey. Deficiencies in aids to navigation, either visual or 
electronic, on the coasts or waters of the United States or its territories should be 
reported to the nearest Coast Guard District Office. Suggestions regarding these aids 
should also be sent to the Coast Guard District Office. 

Notice to Mariners No. 1 contains important information on a variety of subjects, 
amplifying information not usually found on charts or navigational publications. This 

. information is promulgated as Special Notice to Mariners Paragraphs once each year in 
the interest of safe navigation. Additional items considered of interest to the mariner, 
including a selected listing of firing, bombing, end exercise areas, are also included in - 
this Notice. : : 

The Summary of Corrections published by the Defense Mapping Agency Hydro- ‘ 
graphic Center contains corrections to charts, Sailing Directions, and United States 
Coast Pilots previously published in Notice to Mariners. The weekly Notice to Mariners 
should be referred to for confirmation of the corrective material published in this 
Summary. 

2703. The Local Notice to Mariners is issued by each U.S. Coast Guard District 
to disseminate important information affecting navigational safety within the District. 
This Notice reports changes to and deficiencies in aids to navigation maintained by and 
under the authority of the U.S. Coast Guard and such other marine information as 
new cherts, channel depths, naval operations, regattas, etc. Since temporary informa- 
tion, known or expected to be of short duration, 1s not included in the weekly Notice to 
MMariners published by the Defense Mapping Agency Hydrographic Center, the appro- 
priate Local Notice to Mariners may be the only source of such information. Small 
creft using the Intracoastal Waterway and other waterways and small harbors that are 
not normally used by oceangoing vessels need it to keep chart and related publications 
up-to-date. 

If still significant at the tine of publication, the U. S. Coast Guard’s Broadcast 
Notire to Mariners (art. 2705) is included in the Local Notice to Mariners. 

The Local Notice to Mariners is published as often as required; usually weekly. . 
It may be obtained, free of charge, by making application to the appropriate Coast =, 
Guard Disirict Commander. Vessels operating in ports and waterways in several districts . 
will have to cbtain the Local Notice te Mariners from each district in order to be fully | 
informed. : 
2704. The Daily Memorandum provides navigators of ships in port with printed 
copy of HYDROLANTS c. HYDROPACS (art. 2707) broadcast in the past 24 hours 
at or since the previous werking day. 
The Daily Me-norondum is published by the Defense Mapping Agency Hydro- 
graphic Center each wo xing day in two editions: the Atlantic Edition and the Pacific , 

Edition, both prepared at Washington, D.C. | 

| The Daily Memorandum is sent to fleet operating bases, naval stations, custom | 

ee . houses, shipping company offices, ete., where it may be picked up by navigational 

personnel of vessels in port. i 


3 


ene MER TNE ENE EA AINE UL HP MLO 
\ 
* 











see PURSE ARNG 





HM nel 


sce ag enone te Rana Ua 


-—» 



























f 


mT 


Re ee , See 
ee H MERSIN te tat 
RETA aE VME Hn MRR 


GNP 


f 


vat ‘ it 


n 


nee mT 
IAEA aaa ea 




















































































































































































NAVIGATIONAL SAFETY 717 
Radio Navigational Warning Systems 


2705. Short range or local warnings.—One of the two distinct types of radio 
navigational warning :vstems is the short range or local radio navigational warnings 
for mariners plying nearby waters. Short range or local warnings are intended pri- 
marily to help local and coastal traffic. Usually, local or short range warnings are 
broadcast from a single coast station, frequently by voice as well as radiotelegraph. 
Examples of short range navigational warning systems are the radio navigational 
warning broadcasts of the various U. S. Coast Guard Districts. Most maritime nations 
broadcast short range warnings to notify local mariners of dangers in coastal and inland 
waters. Schedules and working particulars of many such stations throughout the 
world can be found in Pubs. Nos. 117A and 117B, Radio Navigational Aids. 

Broadcast Notice to Mariners are originated by the U. S. Coast Guard and broad- 
cast from U.S. Coast Guard, U.S. Navy, and some commercial radio stations to report 
deficiencies and changes in aids to navigation. 

2706. Long range radio navigational warnings are primarily intended to assist 
mariners on the high seas by giving them navigational safety inforruation in ports, 
harbors, coastlines, or areas at sea in major ocean areas. Such warnings are usually 
broadcast by means of radiotelegraph and radioteleprinter from several widely dis- 
persed radio statiou: with sufficient power to ensure their availability to all ships in 
the oceanic area. The HYDROLANT and HYDROPAC system (art. 2707) of the 
Defense Mapp‘ng Agency -lydrographic Center, for the general Atlantic and Pacific 


- areas, is typical of a long rar.ge radio navigational warning system. Long range warning 
’ systems are discussed in more detail in Pubs. Nos. 117A and 117B, Radio Navigational 


” 


Aids, and volume V of Acwiralty List of Radio Signals. 

2707. The U.S. long range radio navigational warning system provides coverage 
outside NAVAREAS IV and XII (art. 2708) by HYDROLANT and HYDROPAC 
message~ originated by the Defense Mapping Agency Hydrographic Center. The 
particulars of this system are discussed in detail in Pubs. Nos. 117A and 117B, Radio 
Navigational Aids 

HYDROLANTS and HYDROPACS are restricted to the more important marine 
incidents or nevigational changes for which a delay in disseminating the information to 
mariners would adversely affect navigational safety. Many of these wafnings are 
temporary in nature. Others might remain in force for long periods of time and 
ultimetely be superseded by a numbered peragraph in Notice to Mariners. 

Printed copies of HYDROLANTS and HYDROPACS are published each working 
day ia the appropriate edition of the Daily Memorandum. The text of effective 
HYDROLANTS and HYDROPACS issued during a week is printed in the weekly 
Notice to Mariners. 

Jt is important that the mariner retains the radio warning until the printed Notice 
to Mariners is received. 

2768. NAVAREA Warnings, containing information which may affect the sefety 
of navigation on the high seas, are broadcast in accordance with international obliga- 
tions. The Defense Mapping Agency Hydrographic Center is responsible for dis- 
seminating navigational information for ocean areas designated as NAVAREAS IV 
and XII of Worldwide Navigational Warning System (fig. 2708). 

As is the case with HYDROLANTS and HYDROPACS, warnings for NAV- 
AREAS IV and XII may be superseded by a numbered paragraph in Notice ta Mariners. 
Printed copies are published each working day in the appropriate edition of the Daly 
Memorandum. The text of effective warnings for NAVAREAS IV and XII is printed 
in the weekly Notice to Mariners. 
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Ficure 2708.—NAVAREAS of Worldwide Navigational Warning System. 


2709. Special Warnings are broadcast by U.S. Navy and U © Coast Guard radio 
stations primarily for the dissemination of official U. S. Government proclamations 
affecting shipping. Special Warnings are published in all editions of the Daily Memo- 
randum and in the weekly Nitice to Mariners. Upon issuance the text of all effective 
Special Warnings are published in Notice to Mariners No. 1, annually. 


Safety Information 


2710. Traffic separation schemes.—To increase the safety of navigation, par- 
ticularly in areas of high shipping density, routes incorporating traffic separation have, | 
with the approval of the Inter-Governmental Maritime Consultative Organization | 
(IMCO), been established in certain areas of the world. In the interest of safe naviga- 
tion, it is recommended that through traffic use these routes, as far as circumstances 
permit, by day and by night and in all weather conditions. The routes, which are in- | 
tended for use by all vessels, do not give any special rights to vessels using them. i 

General principles for navigation in Traffic Separation Schemes are as follows: | 

1. The International Regulations for Preventing Collisions at Sea apply to navigation 
in routing systems. 

2. Routing systems are intended for use by day and by night in all weather, in 
ice-free waters or under light ice conditions where no extraordinary maneuvers or as- 
sistance by icebreake~(s) are required. 

3. Routing systems are recommended for use by all ships unless stated otherwise. 


| 
4. A deep water route is primarily intended for use by ships which because of their | 


draft in relation to the available depth of water in the area concerned require the use 
of such a route. Through traffic to which the above consideration does not apply should, 
if practicable, avoid following deep water routes. When using a deep water route mariners 
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. should be aware of possible changes in the indicated depth of water due to meteorological 
~ or other effects. 
: 5. A vessel using a traffic separation scheme shall: 

(i) proceed in the appropriate traffic lane in the general direction of traffic 
flow for that lane; 

(ii) so far as practicable keep clear of a traffic separation line or separation 
zone; 

(ili) normally join or leave a traffic lane at the termination of the lane, but 
when joining or leaving from the side shall do so at as small an angle to the general 
direction of traffic flow as practicable. 

: 6. A vessel shall so far as practicable avoid crossing traffic lanes, but if obliged to 
do so shall cross as neerly as practicable at right angles to the general direction of 
traffic flow. 

7. Inshore traffic zones shall not normally be used by through traffic which can 
safely use the appropriate traffic lane within the adjacent traffic separation scheme. 

8. A vessel, other than a crossing vessel, shall not normally enter a separation 
zone or cross a Separation line except: 

(i) in cases of emergency to avoid immediate danger; 
(ii) to engage in fishing within a separation zone. 

9. A vessel navigating in areas near the terminations of traffic separation schemes 
shall do so with particular caution. 

10. A vessel shall so far as practicable avoid anchoring in a traffic separation scheme 
or in areas near its terminations. 

11. A vessel not using a traffic seperation scheme shall avoid it by as wide a margin 
as is practicable. 

12. The arrows printed on charts merely indicate the general direction of traffic; 

ships need not set their courses strictly along the arrows. 

: 18. The signal “YG” meaning “you appear not to be complying with the traffic 
separation scheme” is provided in the International Code of Signals for appropriate use. 

2711. Offshore sil-well structures.—Caution should be exercised when navigating 
in waters contiguous to the U.S. and its territories, particularly in the Gulf of Mexico; 
Santa Barbara Channel, California; and Cook Inlet, Alaska, in order to avoid collision 
with oil structures and their associated mooring piles, anchor and mooring buoys, etc. 

The identification of the oil-well structures is discussed in Notice io Mariners No. 1. 
Due to the number of oi! wells in the Gulf of Mexico, Shipping Safety Fairways have 
been established, and while adherence to these fairways is not mandatory, mariners 
should take advantage of the safer passage ways made available. 

The most accurate information regarding the position of oil-well structures is 
contained in the latest editions of the pertinent National Ocean Survey charts. (Addi- 
tionally, an annually up-dated listing of Gulf of Mexico oil-well structures is published 
by the U.S. Coast Guard. Mariners desiring to receive issues of the publication should 
write to the District Commander (OAN), Eighth Coast Guard District, Hale Boggs 
Federal Building, 500 Camp Street, New Orleans, Louisiana 70115, requesting to be 
placed on their mailing list.) 

Corrective information concerning the establishment, change, or discontinuance 
of the oil-well structures (with the exception of mobile drilling rigs) is published in the 
weekly Notice to Afariners. Movements of mobile drilling rigs and seismic survey 
* operations are generally covered in TYLROLANT/HY DROPAC radio navigational 
warning broadcasts (art. 2707). 
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Daily updating of oil-well structure information is available on the Local Notice 
to Mariners broadcast. Refer to Pubs. Nos. 117A and 117B, Radio Navigational Aids, 
for additional details. 

2712. Danger from submarine cables and pipelines—Submarine cables or pipe- 
lines pass Ueneath various navigable waterways throughout the world. Installation | 
of new submarine cables and pipelines may be reported in Notice to Mariners; their | 
locations may or may not be charted. Where feasible, warning signs are often erected - 
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to warn the mariners of their existence. 
In view of the serious consequences resulting from damage to submarine cables 
and pipelines, mariners should take special care when anchoring, fishing or engaging 
in underwater operations near areas where these cables or pipelines may exist or have 
been reported to exist. 
Certain cables carry high voltages; many pipelines carry natural gas under high 
pressure, or petroleum products. Electrocution, fire, or explosion with injury or loss 
of life or a serious pollution incident could occur if they are penetrated. 
Vessels fouling a submarine cable or pipeline should attempt to clear without 
undue st~ain. Anchors or gear that cannot be cleared should be slipped; no attempt 
should be made to cut a cable or pipeline. 
2713, Artificial obstructions to navigation.—Disposal areas are designated by the 
Corps of Engineers for depositing dredged material where existing depths indicate 
that the deposits will not cause sufficient shoaling to create a danger te surface naviga- 
tion. The areas are shown on Na‘‘onal Ocean Survey charts without blue tint, and 
soundings and depth curves are retained. 
Dumping grounds are areas established by federal regulation in which dumping of 
dredged material and other nonbuoyant objects is prohibited or in which such dumping 
is allowed with the permission of and under the supervision of the Corps of Engineers. 
Spoil areas sre for the purpose of depositing dredged material, usually near 
and parallel to dredged channels; they are usually a hazard to navigation. Spoil areas 
are usuall, charted from survey drawings from Corps of Engineers after-dredging 
surveys, though they may originate from private or other government agency surveys. 
Spoil areas are tinted blue on the chart and labeled, and ell soundings and depth con- 
tours are omitted. Navigators of even the smallest craft should avoid crossing spoil areas. 
Fish havens are established by private interests, usually sport fishermen, to 
simulate natural reefs and wrecks that attract fish. The reefs are constructed by dumping | 
assorted junk, ranging from old troijley cars and barges to scrap building material in 
areas which may be of very small extent or may stretch a considerable distance along 
a depth contour; old automobile bodies are a commonly used material. The Corps of =; 4 
Engineers must issue a permit, specifying the location and depth over the reef, before ‘ ue 
such a reef may be built. However, the reef builders adherence to permit specifications ¢ 
can be checked only with a wire drag. Fish havens are outlined and labeled on the. 
charts, but soundings and depth contours are usually retained and blue tinting is 
seldom used. Navigators should be cautious about passing over fish havens or anchoring 
an their vicinity. 
Fishtrap areas are areas established by the Corps of Engineers in which traps 
may be built and maintained according to established regulations. The fish stakes 
which may exist in these areas are obstructions to navigation and may be dangerous. 
The limits of fishtrap areas and a cautionary note are usually charted. Navigators 
should avoid these areas. 

2714. Net bottom clearances.—It is becoming increasingly evident that economic (4, _ 
pressures are causing mariners to navigate through waters of barely adequate depth, — 
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with net botte® clearances (also known as under-keel clearances) being finely assessed 
from the charted depths, predicted tide levels, and depths recorded by echo sounders. 

It cannot be too strongly emphasized that even charts based on modern surveys 
may not show all sea-bed obstructions or the least depths, and actual tide levels may 
be appreciably lower than those predicted. 

In many ships an appreciable correction must be applied to shoal soundings re- 
corded by echo sounders due to the horizontal distance between the transducers. This 
separation correction, which is the amount by which recorded depths exceed true 
depths, increases with decreasing depths to a maximum equal to half the distance 
apart of the transducers; at this maximum the transducers ore aground. Mariners 
should have available a table of true and recorded depths. 

Other appreciable corrections include the effects of water density, trim, list, squat 
(bodily sinkage and change of trim), heaving, rolling, and pitching. 

The effects of water density, trim, and list upon bottom clearance are easily 
calculated assuming at-rest conditions. Squat, heaving, rolling, and pitching are 
dynamic phenomena and are more complex to predict singly or in combination. 

Squat, which includes bodily sinkage and change of trim, is a result of the pressure 
. distribution on the hull caused by the relative motion of water and hull. The effect 
begins to increase significantly at depth-to-draft ratios less than 2.5. It increases 
rapidly with speed and is augmented in narrow channels. 

The effect of heaving, pitching, and roiling on net bottom clearance can be quite 
. significant in critical combinations of wave height and period, ship dimensions, and 
angle of incidence. Passages over bars in exposed ereas require adequate allowance for 
these factors. 

2715. Controlling depths.—The controlling depth of a channel is the least depth 
within the limits of the channel; it restricts the safe use of the channel to drafts of less 
than that depth. The centerline controfling depth of a channel applies only to 
the channel centerline; lesser depths may exist in the remainder of the ch: nnel. The mid- 
channe! controlling depth of a channel is the controlling depth of only the middle half 
of the channel. Federal project depth is the design dredging depth of a channel con- 
structed by the Corps of Engineers, U.S. Army; the project depth may or may vot be 
the goal of maintenance dredging after completion of the channel, and, for this reason, 
project depth must not be confused with controlling depth. 

Depths alongsiie wharves usually have been reported by owners or operators of 
the waterfront facilitie., and may not have been verified by government surveys. Since 
these depths may be subject. to change, !ocal authorities should be consulted for the 
latest controlling depths. 

In general, the Coast Pilot gives the project depths for deep-draft ship channels 
maintained by the Corps of Engineers. The latest controlling depths are usually shown 
on the charts and published in Notice to Afuriners. For other channels, the Jatest con- 
trolling depths available at the time of publication are given. 

The most authoritative source for channel depths in U. S. ports is the field office of 
the Corps of Engineers in the vicinity. Addresses and telephone numbers are given in 
Notice to Mariners No. 1. 

2716. Use of foreign charis.—Caution should be exercised in the use of foreign 
charts not maintained by Notice to Mariners published by the Defense Mapping Agency 
Hydrographic Center. Foreign charts are sometimes referred to in Sailing Directions 
published by this Center. The mariner is advised that when such foreign charts are used 
for navigation, it is his responsibility to maintain the charts by the Notice to Mariners 
of the country producing the charts. 
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‘The mariner is warned that the buoyage syst. -.. shapes, and colors used by other 
countries often have a different significance than the U. S. system. 

2717. Nautical chart symbols and abbreviations.—The standard symbols and ab- 
breviations approved for use on all regular nautical charts pul'ished by the Defense | 
Mapping Agency Hydrographic Center and the National Ocean Survey are contained | 
in Chart No. 1, United States of America Nautical Chart Symbols and Abbreviations. The | 
mariner should insure that a copy of the latest edition of Chart No. 1 is readily available. | 

The symbols and abbreviations used by other countries often vary from those | 
used Ly the United States. Charts produced by the Defense Mapping Agency Hydro- | 


i 


grapnic Center will show the colors, lights, and other characteristics in use for the area i 


of the individual chart. Certain reproductions of foreign charts published and distributed ! 

by this Center may also show the shapes and other distinctive features that will vary | 
from those illustrated in Chart No. 1. Mariners who acquire and use foreign charts | 
and reproductions of such charts are advised to procure the symbol sheet of the foreign 
chart agency. 

2718. Unverified iaformation—tInformation received by the Defense Mapping | 
Agency Hydrographic Center and the National Ocean Survey from various sources 
concerning depths, dangers, currents, facilities, and other subjects, which has not been 
verified by government surveys or inspections, is often included in Sailing Directions 
and Coast Pilots; such unverified information is qualified as “reported,” and should 
be regarded with caution. 

2719. International ice Patrol—Deginning in February or March and ending 
in August or September of each year depending upon ice conditions, the Interna- 
tional Ice Petrol conducts its annual service of guarding the southeastern, southern, 
and southwestern limits of the regions of icebergs in the vicinity of vhe Grand Banks 
of Newfoundland for the purpose of informing passing ships of the extent of ice in this 
dangerous region. Ice Patrol Bulletins are sent via CW, voice and radiofacsimile 
broadcasts. Details are given in Pub. No. 117A, Radio Navigational Aids. 

2720. Firing danger areas.—Firing and bombing practice takes place either 
ocassionally or regularly in numerous areas established for those purposes along the 
coasts of practically all maritime countries. 

In view of difficulty in keening these areas up-to-date on the charts, and since 
the responsibility to avoid accidents rests with the authorities using the areas for 
firing or bombing practice, these areas will not as a rule be shown on Defense Mapping 
Ageney Hydrographic Center charts. The National Ocean Survey charts show firing 
and bombing practice areas as defined by the Code of Federal Regulations in United 
States waters. 

Any aid to nav’ ation that may be established to mark a danger area, any target, 
fixed or floating, .% may constitute a danger to navigation, will be shown on the 
appropriate charts. 

Danger areas that will be in force for some length of time will be published in 
Notice to Marine s. 

Warning signals, usually co~«isting of red flags or red lights, are customarily 
displayed before and du.tng ice, but the absence of such warnings cannot be 
accepted as evidence that a1 -:.1°e area does not exist. 

Vessels should be on ti.e lcokout for local warnings and signals, and should when- 
ever possible, avoid nassing through au area in which practice is in progress, but 
if compelled tc co so should endeavor tc clear it at the earliest possible moment. 
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CHAPTER XXVIII 
OCEANIC SOUNDINGS AND HYDROGRAPHIC REPORTS 


General 


2801. Introduction— Maritime shipping continues to increase with the growth 
in volume of domestic and international commerce, and seagoing vessels continue to 
increase in number, size, and speed. Not only does this growth result in constant 
demands for expansion and improvement of harbor, port, and navigation facilities, 
but it also necessitates improvements in the quality, quantity, and display of all forms 
of navigation information. 

Although both government agencies and private institutions operate as many 
oceanographic and hydrographic ships as their resources permit, the magnitude of 

, Tequirements for information far exceeds the collection capabilities of these compara- 
tively few vessels. It is not possible for any hydrographic institute to conduct a con- 


tinuous worldwide survey. Consequently, the Defense Mapping Agency Hydrographic 
Center and the National Ocean Survey depend to a very great extent upon reports 
from voluntary seagoing observers for information pertaining to navigation and ocean- 
ography. Informe’. from these reports and other sources is evaluated and used in 
the improvement, , - duction, correction, and maintenance of charts and publications. 

After careful analysis of a report and comparison with all other data concerning 
: the same area or subject, appropriate action is taken. If the report is of sufficient 
importance to affect the immediate safety of navigation, the information will be broad- 
cast as a navigational warning. Each bit of information, no matter how trivial it may 
seem, is coordinated with other reports and used in some way in the compilation, con- 
struction, and correction of charts and publications. It is only through the constant 
flow of new information that charts and publications can be kept accurate and up- 
to-date. 

Discrepancies are sometimes found in source material, mainly as a result of com- 
parison with the reports submitted by mariners who have recently visited the area. 
Often, errors in basic source materia! are of the type that would affect the safety of 
navigation. Several confirming ship reports will usually reveal these errors so that 
corrective action can be taken. The greater the volume of confirming ship reports, the 
greater is the accuracy of the finished product. 

2802. Marine reports.—Frequently the most veluable information is recent infor- 
mation reported by a mariner, who records the information in the greatest dotail 
possible and reports it promptly. 

Depending on the type of report, cartain items of information are absolutely 
essential for a correct evaluation. An example is the state of tide. Stato of tide is of 
paramount importance in a report of near shere shoals, but of no interest with respect 
toe shoals reported beyond the continental shelf. 

Several reasons have been found for hesitancy on the part cf the mariner to report 
his observations. He is frequently in doubt as to what information, and in what detail, 
to report. He often believes that the data that he reports will be inconsequential to 
the Defense Mapping Agency Hydrographic Center since “they already receive the 
most recent information available, and they are already aware of this data,’ as one 
mariner put it. 
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Excellence in grammar is unnecessary. Reports, or supplemental information, 
such as port plans, obtained locally, may even bo in a foreign language. Observations ; 
should be reported in the language of mariners since they will be evaluated by ex- 
mariners, who will mako full and appropriate uso of the information. i 

Reports by letter are just as acceptable as thoso prepared on regular forms. In ! 
somo instances, a letter report will permit greater flexibility in reporting details, con- | 
clusions, or recommendations concerning the observation. When using the regular 
report forms, one should not hesitate to use additional sheets to complete the details 
of his observation. One should never be reluctant to repor’ in detail. 

The following general suggestions are offered as an aid to making reports that will 
be of maximum value. 

1, The geographical position included in the report may be used in the correction 
of charts. Accordingly, it should be fixed by the most accurate method available. If 
practicable, the position should be verified by additional means. 

2. The report should state the method by which the position was fixed, so that 
the degree of accuracy can be established. 

3. When reporting the position of an object or condition that is not shown on the 
chart but is within sight of charted objects, the simplest and most accurate method is 
to express the position in terms of bearings and distances from charted objects. 

4. Should geographical coordinates be used to report position, they should be 
made as precise as circumstances permit. Either tenths of a minute or seconds, depending 
upon the scale of the chart, should be included. Unfortunately, coordinates of all charts 
for a given area are not always in exact agreement. Accordingly, one should refer to 
the chart by number and include the edi:ion number and the date of the printing being 
used. Both are shown in the bottom margin. 

5. When describing the sectors in which a light is either visible or obscured, the 
limiting bearings from the ship toward the light should be given. Although this is just 
the reverse of the form used for locating objects, it is the standard method used by the 
hydrographic institutes of practically all countries. 

6. All bearings used in reports should be true bearings, expressed in degrees. 
Should magnetic bearings be used, for any reason, such use should be stated in the 
report. 

7. A report prepared by one person should, if practicable, be checked by another. 

In most cases marine information can be adequately reported on one of various 
forms printed by the Defense Mapping Agency Hydrographic Center and shown in 
Guide to Marine Observing and Reporting (art. 2804) or by the reporting sheet in 
the weekly Notice to Mariners. However, in some cases it is both more convenient and 
more \aluable to annotate information directly on the affected chart and mail the 
chart to the Defense Mapping Agency Hydrographic Center. i 

As an example, new construction, such as port facilities, may be drawn on the | 
chart in cases where a written report would be inadequate. Ano‘her example would be | 
a chart showing the trackline and pertinent soundings through a criticel passage or . ‘ 
strait when the ship’s draft is close to the controlling depth of the water in the 
passage or strait. Information, such as times, state of tide, draft, and mothod by which : 
é fixes were obtained should also be included. i 

2 Whenever it is necessary to send a chart to amplify or explain a report, the Defense 
Mapping Agency Hydrographic Center, upon request, will replace the chart free of 

charge on a one-for-one basis. 
' 2803. Urgent reports by radio—Tho Jaternational Convention for the Safety of 
Pac's, : Life at Sea (1960), which is applicable to all U. S. flag ships, requires: “The master of 
every ship which meets with dangerous ice, or dangerous derelict, or any other direct 
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danger to navigation, or a tropical storm, or encounters sub-freezing air temperatures 
associated with gale force winds causing severe ice accretion on superstructures, or 
winds of force 10 or above on the Beaufort scale for which no storm warning has been 
received, is bound to communicate the information by all the means at his disposal to 
ships in the vicinity, and also to the competent authorities at the first point on the 
coast with which he can communicate.” 

The master must first warn ships in the vicinity and must then report the danger to 
competent authorities at the first point on the coast with which radio contact can be 
made, using relay procedure if necessary. The report should be broadcast first on 500 
kHz prefixed by the Safety Signal “TTT TTT TTT.” This should be followed by 
transmission of the message to the proper authorities ashore. 

Details on reporting via radio are contained in chapters 4 and 5 of Pubs. Nos. 117A 
and 117B, Radio Navigational Aids. 

2804. Guide to Marine Observing and Reporting, Pub. 606, prepared jointly 
by the Naval Oceanographic Office, the Defense Mapping Agency Hydrographic Center, 
U.S. Coast Guare and the National Oceanic and Atmospheric Administration, provides 
detailed guidan ~ or submitting hydrographic and oceanographic reports. Where ap- 
propriate, this y...ance includes check lists of key questions as a means of insuring that 
no essential fact will be missing from a report. 


Oceanic Soundings 


2805. Soundings.—Relatively little is known of the surface features of the nearly 
71 percent of the earth covered by water. However, enough has been learned to indicate 
that the unseen topography beneath the oceans has all the features common to that 
above water. It is known that there are submerged mountains extending to greater 


heights above their surroundings than do the Rockies, and depressions deeper than the 
Grand Canyon. 

While many of the general features are known, details are lacking. In any given 
area, a very large number of accurately located soundings are needed to provide suffi- 
cient information for mapping the ocean floor. If sufficient information is available, 
the relief can he depicted on bathymetric charts by means of conteurs. A simplified 
chart of this type is shown in the upper part of figure 2805. The lower pert of the 
figure is a block diagram of the area shown on the chart. Only a relatively small part 
of the oceans has been sounded sufficiently to provide the detailed information needed 
for such a chart, mainly narrow strips along coasts, i.e., the continental shelves. In 
these areas, the soundings have the necessary accuracy and density to portray under- 
water relief. 

As long as oceanic soundings could be made only by a vessel stopping and lowering 
8 weight, a precess which might require several hours for a single sounding in very deep 
water, it was impractical for most vessels to obtain very much depth information at 
sea. With the development of the echo sounder, however, this situation has changed. 
With a recording echo sounder, a ship can obtain a profile along its track from continent 
to continent without slowing, using about a yard of recording paper per day. Such 
information, if reliable, is of great assistance to charting agencies in preparing more 
adequate charts of the ocean areas. 

2806. Sounding equipment.—While lead lines and sounding machines have been 
used at sea, almost all deep-sea soundings are now taken by echo sounder (art. 619). 
If a depth recording device is available, it should be used, as the profile thus produced 
is a better indication of the bottom than even the most closely spaced visual readings. 
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All echo sounding equipment is subject to certain errors unless the operator has a 
clear understanding of the operating characteristics and limitations of the instrument. 
The routine checks recommended by the manufacture. should be made at every change 
of the watch, or oftener. In addition, the operator should be alert for certain possible 
errors peculiar to his instrument. A close watch should be kept on the proper function- 
ing of the stylus, recorder speed, the zero adjustment, and the frequency of the electric 
current. The percentage error in the recorded depth is the same as that of the electric | 
current frequency. Thus, at 3,000 fathoms, the error of a 60-cycle echo sounder 1 is! 


Ficure 2805.—Contour lines and hachures (top) may be used to show underwater relief (bottom). | 


100 fathoms if the actual frequency is in error by two cycles. : 
2807. Evaluating results.—Inaccurate results may be worse than no information j ‘y 
at all. Therefore, every effort should be made to obtain reliable data. Particularly, : 


soundings which conflict with known or charted depths should be carefully analyzed. : 
Even when the equipment is operating correctly, false returns might be received due to 
sources external to the vessel. A shoal “phantom bottom” may be due to marine life, 

there may be multiple echoes or interference, cr no return may be received because of 
aeration of the water or suspended matter in it. Such errors are further discussed 

in article 3504. Unusual local conditions may be a source of error. If an error is believed ; 
probable, but no source is detected, full information should be submitted with the | 
soundings, for the charting agency may be able to interpret the results. This action is 
particularly important where the measured depths are less than those shown on the “he 
chart. If no error can be found, the charting agency may have no alternative but to 


enter the shoal soundings upon the charts affected, and take the first opportunity 
to send a survey vessel to verify or disprove them. 
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The speed at which sound travels in water varies with the salinity, temperature, 
and pressure. When these are known, corrections can be applied to obtain more ac- 
curate results. However, this is normally done only for scientific purposes. Those 
soundings submitted to a charting agency should be the uncorrected values obtained 
by using an assumed standard speed of 4,800 feet or 1500 meters per second. 

2808. Deep sea sounding lines.—Many deep sea soundings are obtained by ships 
proceeding between ports. Soundings should be taken at every opportunity. Those 
taken in well-surveyed areas can be of assistance to the navigator in locating his position. 
If they conflict with values shown on the chart, and no eiror is found, they should be 
sent to the appropriate charting agency, with full particulars. All soundings in areas 
for which little depth information is shown on the chart should be submitted. 

In addition to reliable soundings, accurate positions are needed. Navigation should 
be in accordance with standard practice, using every practicable means to reduce error 
and provide frequent checks on position. 

When two or more ships are operating together, they should steam on parallel 
courses about five miles apart. Each ship should collect and record its own navigational 
data for subsequent submission to the appropriate charting agency. 

2809. Investigating small areas.—If a feature of particular interest, such as an 
isolated shoal or a seamount, is found or reported in the vicinity of the vessel, a service 
can be rendered by conducting a further investigation in the vicinity of the feature. 


Two methods are in common use for this purpose: 
Radial. A system of radial lines 20° apart are laid out from a central control point, 


"preferably at the center of the feature to be investigated. These are extended outward 
‘ for a distance of about 30 miles, and the ends of alternate ones are connected, as shown 


in figure 2809a. These form a series of course lines as shown. 

Paraliel, A north-south, east-west square is laid out with perhaps 60-mile sides, 
the center of the feature of interest being at the center of the square. A series of course 
lines are drawn parallel to one side of the square, at intervals of about 5 miles. The 
ends of alternate paralle! course lines are connected, as shown in figure 2809b. 

During such an investigation, by either method, the best control of position can 
usually be obtained by anchoring « buoy, if practicable, at the center of the area. In 
some instances, several buoys might be used. Any rig having buoyancy adequate to 
support the necessary length of anchor cable is satisfactory. The type generally used 
consists of a steel drum or mooring buoy with a weight attached to a cable, in the case 
of a large buoy, or piano wire if the buoy is small and of insufficient buoyancy to support 
a cabie, A chain is not generally used. Buoys of this type have been successfully an- 
chored in depths to 2,500 fathoms. The position of the buoy is determined as accu- 
rately as practicable, using celestial navigation, Loran, or whatever means are available. 
Position of the vessel is determined relative to the buoy or buoys, using visual or 
radar bearings and ranges at intervals of half an hour or less. Beyond this range, the 
best available means are used. A balloon with a suspended radar reflector might be 
attached to the buoy to extend its range of usefulness. The securing line of the balloon 


should be at least 400 feet long, if practicable. 
Sonar ranging, if available, should be used to assist in the location of shoal areas. 


Sounding Reports 


2810. Records.—Today much of the data processing necessary for compilation of 
nautical or bathymetric charts is accomplished by computers. Consequently, many 
of the laborious and time-consuming aspects of sounding report preparation have been 
eliminated. Computers, if given the proper infurmation, can quickly and efficiently 
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Figure 2809a.—Radial course line pattern. 


perform all the routine data manipulation tasks formerly done manually by ocean- 


ographers and cartographers. However, it is still imperative that the mariner prepare | 


his report accurately and completely, insuring that the basic elements of depth and 
position, -both correlated with time, are included. Described below are the report 
records that best present these basic elements. 

1. Echograms. Depth is best depicted by the echogram itself, a continuous 
analog record that serves not only es a report but also provides verification of the 
shipboard interpretation. There are many formets for echogram paper, but the essential 
information needed on an echogram is the following: 

(i) Ship Name. Record a: the beginning and end of each roll cf echogram or portion 
thereof. 

(ii) Date. Annotate at least once each day at 1200 and when<tarting and stopping 
echo sounder. 

(iii) Time. The event marker should be activated and annviated with the correct 


time at the beginning of the echogram, at least once each watch thereafter, end at the *%. 


end of the echegram. 
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Figure 280Sb.—Parallel course line pattern. 










(iv) Time Zones. Greenwich mean time (GMT) should be used if practicable. 
In the event local time zones are used, annotate echogram whenever clocks are reset 
and identify time zone in use. Ambiguity of time zone is the most common cause of 
difficulty in relating a sounding trace to a ship’s position. 

(v) Phase or Scale Changes. Clearly label all depth phase (or depth scale) changes 
and the exact time they occur. Annotate the upper and lower limits of echograms if : 
necessary. i 

(vi) Transducer Depth. The depth of the transducer beneath the surface and whether 
it is allowed for in the trace is necessary to compute true depth, especially in shoal | 
areas. A specimen echo sounding record is shown in figure 2810a. 

2. Navigation Log. In the past a smooth plotted track supplemented by the 
unadjusted plot was an essential part. of a sounding report. The computer, with its 
tremendous capacity for data processing, has relieved the navigator of this monoto- 
nous and time-consuming task so that today only the navigation log is necessary. 
However, it is still important that the navigation log be accurate and contain all 
of the following information: , 

(i) Date A ae 

(ii) Time (GMT) 

(iii) Latitude and longitude ~.. 

(iv) Type of navigational fix ~ 

(v) Course 
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Ficure 2810a.—Specimen echo sounding record. 







(vi) Speed 

(vii) Remarks 
Figure 2810b illustrates a typical navigation log. 

When the above information has been collected and properly annotated, it should : 
be sent to the appropriate charting agency, usually the Defense Mapping Agency | a 
Hydrographic Center. The commanding officer’s or master’s forwarding letter should i 
indicate the type of sounding system, any difficulties encountered, and pertinent 
remarks regarding estimated reliability of the data. Areas where sounding data are 
most needed are outlined on chart 5103, Bathymetric Data Requirements, which should 
be inspected prior to a voyage. 


NAVIGATION LOG 
_ a : REMARKS 
TIME | Lat. | LONG.! NAY- COURSE SPEED | 


Pp fosao tf 92? 12.3 | CHANGE Course 
Tosoo [arom [nese SE | 097° 12.3 | 
[lovee lesvasivjres'zae| “R™ | 0977 [12 3 

j Qi 8.2 


0810 { 


vibe ae wb uidy ad te basin 














‘een A, SP AANA Neen 
: 



















Levene 
| srats 


| 0977 | 








29°32'u fi2s*See 






1620 


2230 [29°06 2a 12848 SE\R AY 102° 


[yest Td 





Fieure 2810b.—Typical navigation log. 
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CHAPTER XXIX 
POSITION REPORTING SYSTEMS 


2901. Introduction.—Several thousand merchant vessels are at sea at one time. 
These vessels have the proven potential for early arrival at a scene of distress. The 
purpose of a position reporting system is to make possible maximum efficiency in 
coordinating assistance by merchant vessels at a scene of distress in order to save life 
and property at sea. 

It is important that information be readily available to Search and Rescue (SAR) 
coordinators immediately upon occurrence of an emergency so that potential assist- 
ance can be obtained effectively and with the least delay to those offering and needing 
aid. Establishing communications is sometimes difficult even when automatic alarms 
are used and determination of SAR capabilities and intentions of vessels is time- 
consuming, unless the essential information has been made readily available before- 
hand by their participation in a position reporting system. 

Regulation 10, chapter V of the Convention on Safety of Life at Sea (SOLAS 1960) 
obligates the master of any vessel at sea who becomes aware of a distress incident. to 
attempt to render assistance. He must proceed and assist until aware that other aid is 


" at hand or until released by the distressed unit. Other international treaties and con- 


ventions impose the same requirement. Position reporting systems permit determination 
of the most appropriate early assistance, provide the means for a timely resolution of 
distress cases, and enable vessels responding to distress calls to continue their passage 
with a minimum amount of delay. 

Recommendation 47 of IMCO’s SOLAS 1960 Conference reads as follows: 

“The Conference recommends that Contracting Governments should encourage 
all ships to report their positions when traveling in areas where arrangements are 
made to collect these positions for Search and Rescue (SAR) use. Each Government 
should arrange that such messages shall be free of cost to the ship concerned.” 

There are presently five vessel position reporting systems in operation through- 
out the world. These are: 1. Australian Ships Reporting System (AUSREP). 2. New 
Zealand System. 3. Greenland System. 4. Madagascar System. 5. Automated Mutuel- 
assistance Vessel Rescue System (AMVER). The particulars of each system are given in 
publications of the Inter-Governmental Maritime Consultative Organization (IMCO). 


Masters of vessels making offshore passages are requested by the U. S. Coast 
Guard to always participate in the AMVER System, and to participate in the other 
four systems whenever sailing within the areas covered by them. 

2902. The Automated Mutual-assistance Vessel Rescue System (AMVER), oper- 
ated by the United States Coast Guard, is a maritime mutual assistance program that 
provides important aid to the development and coordination of SAR efforts in the 
oceans of the world. Masters of merchant vessels of all nations meking offshore passages 
of more than 24 hours are encouraged to send sail plans and periodic position reports 
to the AMVER Center in New York. There is no charge for these radio messages when 
they are sent through one of the ce-, rating AMVER radio stations (art. 2903). Infor- 
mation from these messages is entc.- d into an electronic computer that generates and 
maintains dead reckoning positions of participating vessels throughout their voyages. 
The predicted locations and SAR characteristics of all vessels known to be within a 
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732 POSITION REPORTING SYSTEMS 


given area are furnished upon request to recognized SAR agencies of any nation for 
use during an emergency. Predicted vessel locations are disclosed only for reasons re- 
lated to maritime safety. 

AMVER is a free and voluntary program. Benefits to shipping include: 1. Im- 
proved likelihood of rapid aid in emergencies; 2. reduced number of calls for assistance 
to vessels not favorably situated; 3. reduced time lost for vessels responding to calls for 
assistance. An AMVER participant is under no greater obligation to render assistance 
during an emergency than a vessel that is not participating. 

In addition to the information calculated from sail plans and position reports, the 
AMVER Center stores data on the characteristics of merchant vessels. This data, 
reflecting SAR capability, includes the following: vesse] name; international call sign; 
nation of registry; owner or operator; type of rig; type of propulsion; gross tonnage; 
length; normal cruising speed; radic schedule; medium, high, and very high frequency 
radio facilities; radio te-ephone installed; surface search radar installed; doctor nor- 
mally carried. Vessels can assist the AMVER Center in keeping this data accurate by | 
sending a complete report by message, letter, or by completing a SAR Capability ' 
Questionnaire (fig. 2905b) available from AMVER, and then sending corrections as 
the characteristics change. The corrections may easily be included in regular AMVER 
reports as remarks. i 

Although a vessel need not be departing or coming to the United States to be i 
an AMVER participant there is an additional benefit for those whose destination is i 
a U.S. port. AMVER participation via messages which include the necessary informa- i 
tion is considered to meet the requirements of the United States Code of | 


‘ 
t 


Regulations, Title 33, Part 124.10; this requires, with certain exceptions, that the 


master or agent of each United States registered vessel and every foreign vessel ar- 
riving at a United States port (including the Great Lakes) from an offshore passage 
give advance notice to the U. S. Coast Guard at least 24 hours prior to arrival. The 
Code should be consulted to determine the exact current requirements, the exceptions, 
and the conditions of constructive compliance. The AMVER message must include the 
first port of call where a harbor entrance serves more than one port. The AMVER 
Center forwards pertinent information to the appropriate Coast Guard officials. 

2903. AMVER System communications network.—An extensive radio station 
communications network supports the AMVER system and provides two routes for 
assistance messages as well as for AMVER messages: coast radio stations and Ocean 
Station Vessel radio facilities. Propagation conditions, location of vessel, and message | 
density will normally determine which station may best be contacted to establish 
communications. To insure that no charge is applied, all AMVIER messages should be . 
passed through specified radio stations. Tnose which currently accept AMVER messages 
and apply no coast station, ship station, or landline charge are listed in each issue of | 
the AMVER Bulletin (art. 2904) together with respective call sign, location, frequency 
bands, and hours of guard. Although AMVER messages may be sent through other 
stations, the Coast Guard cannot reimburse the sender for any charges applied. 

2904. The AMVER Bulletin, published bimonthly by Commander, Atlantic Area, 
United States Coast Guard, Governors Island, New York, New York, 10004, provides 
information or the operation of the AMVER System of general interest to the mariner. 

It also provides up-to-date information on the AMVER communications network (art. , 
2903) and Radio Wave Propsgation Charts which indicate recommended frequencies for | 
contacting U. S. coast radio stations participating in the AMVER System, according 

to the time of day and the season of the year. hw. 

2305. AMVER rfarticipation.—Instructions guiding participation in the AMVER 
System are usually availeble in the following languages: Danish, Dutch, English, 
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POSITION REPORTING SYSTEMS 733 


French, German, Greek, Italian, Japanese, Polish, Norwegian, Portuguese, Russian, 
Spanish, and Swedish. They are available from: Commander, Atlantic Area, U.S. Coast 
Guard, Governors Island, New York, N.Y. 10004; Commander, Pacific Area, U. S. 
Coast Guard, 630 Sansome Street, San Francisco, California 94126; and at U.S. Coast 
Guard District Offices, Marine Inspection Offices, and Captain of the Port Offices in 
major U. S. ports. Requests for instructions should state the language desired if other 
than English. 

Search and Rescue Operation procedures are contained in the Merchant Ship 
Search and Rescue Manual (MERSAR), published by the Inter-Governmental Maritime 
Consultative Organization (IMCO). 

A vessel is a participant in the AMVER program when its master sends a sail 
plan (fig. 2905a) to the AMVER Center upon leaving port, or as svon thereafter as 
possible. A participant is under no greater obligation to provide assistance during an 
emergency than a nonparticipant. There is no limitation on the size of a vessel that 
may participate in AMVER. Participation is determined by the nature of the passage 
and the communication capability aboard the vessel. 

In connection with a vessel’s first AMVER-plotted voyage, the master is requested 
to complete a questionnaire (fig. 2905b) providing the radio watch schedule, available 
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Fieure 2905a.—Nine parts of AMVER message constituting a sail plan or movement report. 
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734 POSITION REPORTING SYSTEMS 
medical and communications facilities, and other useful characteristics. Stored in the 
AMVER computer, this information can be electronically processed with great speed | 
in an emergency at the same time that a position is calculated. 

Any vessel of any nation departing on an offshore passage of 24 hours duration 
or greater is encouraged to become a participant in the AMVER System by sending 
appropriate AMVER messages in four types of formats. The messages may be trans-| 
mitted at any convenient time as long as the information is accurate and the datal 
corresponds to the time specified. For example, | the information may be estimated| 
for a short time in the future, for the present, or for a short time past. i 

The four types of AMVER messages are: i 

Type 1. The complete Type 1 report (fig. 2905a) consists of nine parts and any| 
pertinent remarks and contains the information necessary to initiate a plot. It i is} ; 
called an initial AMVER message and may be considered a movement report or sail! 
plan. Type 1 reports may be sent immediately prior to departure, at departure, | 
immediately after departure, or as soon as adequate communications can be sctabliched | 

Type 2. The Type 2 report is considered a position report and includes the] 
date and time of the position. It may contain additional entries and remarks. Ex-} 
perience has shown that occasional position reports are required during long passagesi 
to insure that the electronic computer will predict the positions within acceptable 
accuracy. It is not essential that these position reports be sent at any particular time § 
or location, but it is suggested that they be prepared at intervals of approximately 
15 degrees of latitude or longitude depending upon direction of advance. Position 
are also extracted from weather reports made by ships participating in the inter-| 
national weather observation program since such position data is automatically for-3 
warded to AMVER. 
Type D. The Type D report is a deviation report and need include only informa-3 
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tion which differs from that previously reported. It is sent when the actual posiiion 3: - 


will vary more than 25 miles from the position which would be predicted based upon § 
data contained in previous reports. It may indicate a change of route, course, speed, & 
or destination, and include any pertinent remarks. 4 

Type 8. A Type 3 report is an arrival report, and is sent upon reaching the harbor 
entrance at port of destination. Parts 6, 7, 8, and 9 may be omitted from the message 
if desired. Remarks may be included. If communications cannot be established to 
permit sending the Type 3 report, the electronic computer will automatically terminate 
the p'ot at the predicted time of arrival at the destination. However, the report is} 
desired to increase the accuracy of the plot. Type 3 reports are especially desired upon} 
arrival at the harbor entrance of United States ports. 

Only these four types of AMVER messages require specific formats. Other messages 
relating to a vessel’s AMVER participation or data, such as facts on her SAR capa- 
bilities, may also be sent via the AMVER communications network. 

Additional information concerning the AMVER System may be obtained by writing} 
to Commandant, U. S. Coast Guard, Washington, D. C. 20590, or by wating. or visiting 
Commander, Atlantic Area, U.S. Coast Guard, Governors Island, New York, N.Y. 
10004. 

The AMVER System is coordinated in the Pactiic regions by Commander, Pacific. 
Area, U.S. Coast Guard, U. S. Appraisers Bldg., 6830 Sansome St., San Francisco, Calif. : 
94126. 

Other countries such as Canada are a formal part of the AMVER System and pro- 
vide radio stations for relay of AMVER reports as well as coordinating rescue efforts in 
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certain regions. Applicable instructions have been promulgated by official publications of ~~. 


the participating countries. 
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Autorated Mutcal-assistance VEssel Rescue Systen 


CAPABILITY OUESTICNNAIRE FOR MERCHANT VESSELS 


A 
3B 
c 
5 
F 
H 
I 
K 
L 
N 
° 
P 
R 
s 
T 
v 
Ww 
Vv 
x 


(PLEASE PRINT) 


DATE 


Cail 


Present Nare of Vessel 


Previous Name cr Call 
Sign of Vessel 


Propulsion Type 
(see Key below) 


Length Gross Tonnage 
Uin feeti 


Radio Watch Schedule Radar 


“Tsee key) (Yes or No) 


Radio Telephone (2182KHz) 
tYes or No) 


ttedaum and/or High Single 
Frequency Radio 
Tsee key) ie 


Sign Year Built 


Manacer 
or Owner 


Tyne of Rig 


tsee key below) 


Average Speed 


Doctor Normally carried 


“Tes or so) 


VHF FM Radio (156.8 MHz} 


Tres or No) 


— Side Band_ 


Tes or No) 


Nation of hegistry 


Remarks: __ 


eee ee 


TYPE OF RIG KEY 


Academic or Training Vessel 

Cable Ship 

Cargo, Ory 

Oredse 

Fishing or Whaling Rig 

Hospital or Special Med:cal Facility 

Icebreaker 

Car Carrier 

Log/Lurmber Carrier 

Naval Vessel 

Ore or Dry Bulk Cargo 

Passenger B24 
Refrigerated Cargo H16 
Salvage vessel, Tug or Tender HB 
Tanxer, or Liquid Bulk Carrier HX 
(Lash) Type Carrier 

Weatuer Station Vessel N 
Van, or Container Carrier 

Miscellaneous, Research, Survey 

Ferry, etc. 


“(Fold on This Line) 


eee eee 


PROPULSION TYPE KEY 


Diesel Electric 
Gas Turbine 
Hydrofoi> Ship 

0.1 or Gas Engine 
Nuclear Reactor 
Steam Reciprocating 
Steam Turbine 
Turbo Electric 


PADIO WATCH SCHEDULE KEY 


24 Hour Continuous Service 
16 Hour Service (ITU Schedule) 
8 Hour Service (ITU Schedule) 
€ Hour Service, Schedule not 
specified 
No CW Operation (Radioteiephone only, 
unscheduled) 


RADIO FREGUENCY XEY: X Mecius Prequency 405-535 KHz 
2 wagh Frecuencty 4000-25210 KHz 


Does vessel receive bi-monthly “AMVER Bulletin"? Yes (} No i ) 


If not receiving “Bulactin", do you want vessel added 
(Please print coxplete mailing e¢dress on reverse, if 


to manling list? Yes (} Not} 
Yes to above.) 


NOTE: Please answer all questions: foid questionnaire so that address on the reverse 


sien shoe 


side shows, staple or tape closed, apply postage cf the country frem which railed. 


OtPAR OAT OF TRAP ORTATION 
B.S. COST WMD 
Fomt C4 € (REY 10-73) 


Figure 2905b.—SAR Capability Questionnaire. 
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736 POSITION REPORTING SYSTEMS | 


2906. AMVER plot information.—The information stored in the computer can be 
used to provide several types of display according to the needs of controllers at Rescue 
Coordination Centers. The surface picture (SURPIC) can be displayed as a Radius 
SURPIC (fig. 2906a). When requesting a Radius SURPIC, the controller specifies the 
date and time, a latitude end longitude to mark the center (P), the radius (in nautical 
1, iles) that the SURPIC should cover (R), whether the names of all ships are desired! 
(or only those with doctors or just those heading either east or west). 

A Radius SURPIC may be requested for any radius from 1 w 999 miles. A sample 
request is as follows: 

“REQUEST 062100Z RADIUS SURPIC OF DOCTOR-SHIPS WITHIN 

800 MILES OF 43.6N 030.2W FOR MEDICAL EVALUATION M/V 

SEVEN SEAS.” . 

The HI-LO SURPIC (fig. 2906a) is obtained by the controller specifying the 
date, time, and two latitudes and two longitudes. The controller can limit the ships 
to be listed as with the Radius SURPIC. The computer responds with a listing of 
vessels within the boundaries specified. : 

There is no maximum or minimum size limitation on a HI-LO SURPIC. i 

A sample HI-LO SURPIC request is as follows: | 

“REQUEST 171300Z HI-LO SURPIC OF WESTBOUND SHIPS FROM. 5 

43N TO $5iN LAT:”UDE AND FROM 130W TO 150W LONGITUDE 4 

FOR SHIP DiSTRESS M;V EVENING SUN.” i 

The Trackline SURPIC (fig. 2906a) is obtained by the controller specifying th 
date and time, two points (P-1 and P-2), whether the trackline should be rhumb 
line or great circle, what the half-width (D) coverage should be (in miles), and whether 


all ships . ve desired (or only doctor ships, or just those east or westbound). The half 


width (D) specified should not exceed 100 mil s. When received, the SURPIC will 
list ships in order from P-1 to P-2. 

There is no maximum or minimum distance between P-1 and P-2. 

A sample Trackline SURPIC reqi’ t is as follows: 

“REQUEST 316100Z GREAT CIKXCLE TRACKLINE SURPIC OF ALL 

SFIPS WITHIN 50 MILES OF A LINE FROM 20.1N 150.2W TO 21.5N 

158.0W FOR AIRCRAFT PRECAUTION.” 

A Speci: Advance is not a SURPIC, as such. It is used to determine the locatio | 
of a specific ship. It permits a controller to determine the position of an AMVER| 
participant wherever located. 

A sample Specific Advance request is as fo..ows: ‘ 

“REQUEST PRESENT POSITION, COURSE, AND SPEED OF M/V 

SOLID STATE/HIND.” I 

A Radius SUKPIC as it would be received by a rescue ceater, listing all ships 
withir. a 200-mile radius of 26.2N, 179.9W, is shown in figure 2906b. 

2907. Uses of AMVER plot information._-An example of the use of a Radius 
SURPIC is depicted in figure 2907. In this situation rescue authorities believe that a 
ship in distress, or her survivors, will be found in the rectangular area. The Rescue 
Coordination Center requests a listing of all eastbound ships within 100 miles of a 
carefully chosen pesition. Once this list is received by the Rescue Coordination Center 
a few moments later, the numes and call letter. of those ships chosen to assist in the! 
search can be passed to a powerful commercial radio sta.'22 nearby for inclusion in their! 
neat regularly scheduled TRAFFIC LISTS (normally broadcast every 2 hours). These! 
ships will be nctified that rescue suthorities are waiting to contact them on a given 
working frequéncy. 
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Fiaure 29062.—Radius SURPIC, HI-LO SURPIC, and Trackline SURPIC. 











ki Cail Destination 
Name sign Position Course Speed SAR data and ETA 
CHILE MARU JAYU 26.2N179.9E C294 12.5K H16R T XZ KOBE 11 , 
CPA 258 DEG, 012 MI. 0320002 : 
q WILYAMA LKBO 24.8N 179.1W C106 14.0K HX R TVXZ BALBOA 21 


CPA 152 DEG. 092 MI. 0320002 
, PRES CLEVELAND WITM = 25.5N 177.0W C284 19.3K H24RD XZS YKHAMA 08 
CPA WILL PASS WITHIN 10 MI 0404302 i 
AENEAS GMRT 25.9N176.9E C285 16.0K H8 R NVXZ YKHAMA 10 
CPA 265 DEG. 175 MI. 03200Z 
| 
| 
{ 


Figurr 2906b.—Radius SURPIC as received by a rescue center. 
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Freure 2907.—U e of Radius SURPIC. 


ikach ship contacted may be asked to sail a rhumb line between two specified 
pcints, one at the beginning of the search area and one at the end. By carefuily assigning 
° ships to areas of needed coverage, very little time need be lost from the sailing schedule 
' of each cooperating ship. Those ships joining the search would report their positions 
, - every few hours to the Rescue Coordination Center, together with weather data and 
any significant sightings. In order to achieve saturation coverage, a westbound SURPIC ™~,.. ee 
at the eastern extremity of the search area would be used. 
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POSITION REPORTING SYSTEMS 
The Trackline SURPIC is most commonly used as a precautionary measure for! 
aircraft. Rarely, if ever, is a major airliner forced to ditch at sea anymore. But occasionsg 
frequently arise where a plane loses the services of one or more of its engines. A Trackline? 
SURPIC provided from the point of difficulty to the destination provides the pilots 
with the added assurance of knowing the positions of vessels beneath him. SURPIC’s| 
have been used successfully to save the lives of pilots of small aircraft. 
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CHAPTER XXX 
THE OCEANS 


3001. Introduction.—Oceanography is the application of the sciences to the 
phenomena of the oceans. It includes a study of their forms; physical, chemical, gec- 
logical, ».d biological features; and phenomena. Thus, it embraces the widely separated 
fields of geuxraphy, geology, chemistry, physics, and biology. Many subdivisions of these 
sciences, such as sedimentation, ecology (biological relaticuship between organisms 
and their environment), bacteriology, biochemistry, hydrodynamics, acoustics, and 
optics, have been extensively studied in the oceans. 

The oceans cover 70.8 percent of the surface of the earth. The Atlantic covers 16.2 
percent, the Pacific 32.4 percent (3.2 percent more th- : .he land area of the entire earth), 
the Indian Ocean 14.4 percent, and marginal and aj. « ent areas (of which the largest is 
the Arctic Ocean) 7.8 percent. Their extent alone makes them an important subjec: 
for study. However, greater incentive lies in their use for transportation, their influence 
upon weather and climate, and their potentiality as a source of power, food, freshwater, 


- and mineral and organic substances. 


3002. History of oceanography.—The earliest studies of the oceans were concerned 
principally with problems of navigation. Information concerning tides, currents, sound- 
ings, ice, and distances between ports was needed “s ocean commerce it:creased. Ac- 
cording to Posidonius, a depth of 1,000 fathoms had been measured in the Sea of 
Sardinia as early as the second century BC. About the middle of the 19th century, 
the Darwinian theories of evolution gave a great impetus to the collection of marine 
organisms, since it is believed by some that all terrestrial forms have evolved from 
oceanic ancestors. Later, the serious depletion of many fisheries called for investigation 
of the relation of the economically valuable organisms to the physical characteristics 
of their environment, especially in northwestern Europe and off Japan. Still later, the 
growing use of the oceans in warfare, particularly after the development of the sub- 
marine, required that much effort be expended in problems of detection and attack, 
resulting in the study of many previously neglected scientific aspects of the sea. 

Oceanographic exploration. Exploration of the seas was primarily geographical 
until the 19th century, although the accumulated observations of seafarers, as recorded 
in the eavly charts and sailing directions, often included data on tides, currents, and 
other oceanographic phenomena. The great voyages of discovery, particularly those 
beginning in 1768 with Captain Cook, and continued by such commanders as La 
Pérouse, Bellingshausen, and Wilkes, included scientists in their complements. However, 
scientific work on the oceans at this period was severely limited by lack of suitable in- 
struments for probing conditions below the ~.rface. Meanwhile, Lieutenant Matthew 
Fontaine Maury, USN, working in the forerunner of the U. S. Navy Hydrographic 
Office in Washington, developed to a high degree of perfection the analysis of log-book 
observations. His first results, published in 120, were of great importance to ship 
operations in. the recommendation of favorable sailing routes, and they stimulated inter- 
national cooperation in the fields of oceanography and marine meteorology. 
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In the rapid advances in technoiogy after 1850, oceanographic instrumentation 
probiems were not neglected, with the result that the British Navy in 1872-76 was 
able to send HMS Challenger around the world on the first purely deep-sea oceano- 
graphic expedition ever attempted. Her bottom samples, as analyzed by Sir John 
Murray, laid the foundation of geological oceanography, and 77 of her seawater 
samples, analyzed by C. R. Dittmar, proved for the first time that various constituents 
of the salts in seawater are everywhere in virtually the same proportions. 

Since that time, the coastal waters and fishing banks of many nations have been! 
extensively studied, and numerous vessels of various nationalities have conducted work} 
on the high seas. Notable among these have been the American Albgiross froin 1882} 
to 1920; the Austrian Pola in the Mediterranean and Red Seas between 1890 and 1896;| 
the Danish Dana, which during its voyages of 1920-22 discovered the breeding place} 
of the European eels in the Sargasso Sea; the American Carnegie in 1927-29; the| 
German Meteor in the Atlantic from 1928 to 1938; and the British Discovery IT in the} 
Antarctic between 1930 and 1939. Notable also were the drifts of the Norwegian ves asels: 
Fram and Maud in the arctic ice pack from 1893 to 1896 and 1918 fo 1925, respectively ; | 
the attempt by Sir George Hubert Wilkins to operate under the ice in the British SUD-j 
marine Nautilus in 1931; and the Russian station set up at the North Pole in 1937,! 
which made observations from the drifting pack ice. 

At the same time, investigations pursued ashore provided the theoretical basis? 
for the explanation of ocean currents, under the leadership of Helland-Hansen in@ 
Norway and Ekman and the Bjerknes in Sweden, while Martin Knudsen in Denmark & a 
worked out the precise details of the relationship between chlorinity, salinity, and | 
density, enabling the theories to be verified by field observations. E 

During World War II, basic investigations were interrupted while work on purely & 
military applications of oceanography was carried out. Deep-sea oxpeditions were } 
renewed by the Swedish Albatross after the war, followed by the Danish Galathea, = 
the second British Challenger (built in 1931), and Discovery II in the Antarctic, and 3 
vessels of the American Scripps Institution in the Pacific. Oceanographic work was 3 
carried out by Americans and Russians in the Arctic. 2 

3003. Origin of the oceans.—Although many leading geologists still disagree with 4 
the conclusion that the structure of the continents is fundamentally different from | 
that of the oceans, there is a growing body of evidence in support of the theory that; 
the rocks underlying the ocean floors are more dense than those underlying the cual 
tinents. According to this theory, all the earth’s crust floats on a central liquid core, | 
and the portions that make up the continents, being lighter, float with a higher free- { 
board. Thus, the thinner areas, composed of heavier rock, form natural basins where | 
water has collected. | 

The shape of the oceans is constantly changing due to continental drift. The surface | 
of the earth may! ronceived as consisting of several “plates.” These plates are joined | 
along fracture or fault lines. There is constant and measurable movement of these | 
plates. 

The origin of the water in the oceans is also contreversial. Although some geol- 
ogists have postulated that all the water existed as vapor in the atmosphere of the 
primeval earth, and that it fell in great torrents of rain as soon as the earth cooled 
sufficiently, another school holds that the atmosphere of the original hot earth was 
lost, and that the water gradually accumulated as it was given off in steam by voicanoes 
or worked to the surface in hot springs. 

Most of the water on the earth’s crust is now in the oceans—about 328,000,000 
cubic statute miles, or about 85 percent of the total. The mean depth of the ocean 
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3004. Oceanographic chemistry may be divided into three main parts: the chemistry 
-of (1) seawater, (2) marine sediments, and (3) organisms living in the sea. The first 
eis of particular interest to the navigator. 

Chemica! properties of seawater are determined by analyzing samples of water 
obtained at various places and depths. Samples from below the surface are obtained 
by means cf metal bottles designed for this purpose. The open bottles are attached 
at suitable intervals to a wire lowered into the sea. When they reach the desired depths, 
2 metal ring or messenger is dropped down the wire. When the messenger arrives at 
the first bottle, it causes the bottle to close, trapping a sample of the water at that 
depth, and releasing a second messenger which travels on down the wire. The process 
is repeated at each bottle until all are closed, when they are hauled up and each bottle 
detached as it comes within reach. Of the various types devised, the Nansen bottle 
is the most widely known. It is equipped with a removable frame for attaching a 
thermometer. 

3005. Physics] properties of seawater a.c dependent primarily upon salinity, 
temperature, and pressure. However, factors like notion of the water and the amount 
of suspended matter affect such properties as color and transparency, conduction of 
heat, absorption of radiation, etc. 

3006. Salinity is the amount of dissclved solid material in the water when carbonate 
has been converted to oxide, bromide and iodide to chloride, and orgevic material 
oxidized. It is usually expressed as parts per thousand (by weight), under certain stand- 
ard conditions. This is not the same as chlorinity, which is equal approximately to the 
amount of chlorine, with bromides and oxides converted to chloride. (Actually the 
chlerine content is about. 1.00045 times the chlorinity as determined by standard 
procedures.) The two have been found to be related empirically by the formula: 


salinity =0.03+ 1.805 X chlorinity. 


Historically the determination of salinity was a slow and difficult process, while chlo- 
rinity could be determined easily and accurately by titration with silver nitrate. It 
was customary to determine chlorinity and compute solinity by the formula given 
above. By this process, salinity could be determined with an error not exceeding 0.02 
parts per thousand. Salinity can now be measured directly using a svlinometer which 
measures changes in conductivity. Salinity generaily varies between about 33 and 37 
parts per thousand, the average being about 35 parts per thousand. However, when the 


water has been diluted, as near the mouth of a river or after a heavy rainfall, the salinity 


is somewhat less; and in areas of excessive evaporation, the salinity may be as high 
as 40 paris per thousand. In certain confined bodies of water, notably the Great Salt 
Lake in Utah, and the Dead Sea in Asia Minor, the salinity is several times this maxi- 
mum. Chlorinity accounts for about 55 percent of salinity, the average being about 
19 parts per thousand. 

3007. Temperature in the ocean varies widely, both horizontally and with depth. 
Maximum values of about 90°F are encountered at the surface in the Persian Gulf in 


. summer, and the lowest possible values of about 28°F (the usual minimum freezing 


point of seawater) occur in polar regions and near the ocean bottom everywhere, 
including the Tropics. Pub. No. 225, World Atla. of Sea Surface Temperatures, shows in 
detail the average sea surface temperatures for each month. The following tabulation 
gives the percentage distribution of temperatures for the world for the months of 
February and August, as derived from this source: 
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water becomes warmer. 
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The vertical distribution of temperature in the sea nearly everywhere shows 
a decrease of temperature with depth. Since colder water is denser (assuming the 
same salinity), it sinks below warmer water. This results in a temperature distribution 
just opposite to that of the earth’s crust, where temperature increases with depth below 
the surface of the ground. 

In general, in the sea there is usually a mixed layer of isothermal water below 
the surface, where the temperature is the same as that of the surface. This layer is 
caused by two physical processes: wind mixing, and convective overturning as surface 
water cools and becomes more dense. The layer is best developed in the Arctic and 
Antarctic regions and seas like the Baltic and Sea of Japan during the winter, where it 
may extend to the bottom of the ocean. In the Tropics, the wind-mixed layer may exist 
to a depth of 125 meters. The layer may exist throughout the year. Below this layer is a 
zone of rapid temperature decrease, called the thermocline, to the temperature of the 
deep oceans. At a depth greater than 200 fathoms, the temperature everywhere is below 
60°F, and in the deeper layers, fed by cooled waters that have sunk from the surface 
in the Arctic and Antarctic, temperatures as low as 28°5F exist. 

In the colder regions the cooling creates the convective overturning and isothermal 
water in the winter; but in the summer a seasonal thermocline is created as the upper 
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A typical curve of temperature at various depths is shown in figure 3503a. Tem-j 
perature at any desired depth can be determined by means of a reversing thermometer! 
attached to a Nansen bottle (art. 3004). When the bottle closes, the thermometer 
measures the temperature to within 0°04F, thus providing a reading for a particular 
time and point. Instruments with thermistors (devices that utilize the change in 
conductivity of a semiconductor with change in temperature) are commonly used to} 
measure temperature. The STD (salinity-temperature-depth) is an instrument that! 
provides continuous signals as it is lowered from the vessel; temperature is determined : 
by means of a thermistor, salinity by conductivity, and depth by pressure. Continuous 
records of temperature were first obtained by an instrument called a bathythermograph, 
invented by Spilhaus in 1938. This device functioned to a depth of 75 meters. 

The mechanical bathythermograph has been replaced almost entirely by the 
expendable bathythermograph (XBT), which uses a thermistor. The XBT is connected , 
to the vessel by a fine wire. The wire is coiled inside the probe and as the probe free- © 
falls in the ocean, the wire plays out. Depth is determined by elapsed time and a known 
sink rate. Depth range is determined by the an.ount of wire stored in the probe; the &. 
most common model has a depth range of 500 meters. At the end of the drop, the wire 
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breaks and the probe falls to the ocean bottom. One instrument of this type is dropped 
from an aircraft, the data being relayed to the aircraft from a buoy to which the wire 
of the XBT is attached. 

2008. Pressure.—In oceanographic work, pressure is generally expressed in units 
of the centimeter-gram-second system. The basic unit of this system is 1 dyne per 
square centimeter. This is a very small unit, one million constituting a practical unit 
called a bar, which is nearly equal to 1 atmosphere. Atmospheric pressure is often 
expressed in terms of millibars, 1,000 of these being equal to 1 bar. In oceanographic 
work, water pressure is commonly expressed in terms of decibars, 10 of these being 
equal to 1 bar. One decibar is equal to nearly 1% pounds per square inch. This unit is 
convenient because it is very nearly the pressure exerted by 1 meter of water. Thus, 
the pressure in decibars is approximately the same as the depth in meters, the unit of 
depth customarily used in oceanographic research. In terms more familiar to the 
mariner, the pressure at various depths is as follows: 


fakes aa 
1,000 2,680 
2,000 5,390 
3,000 8,100 
4,000 10,810 
5,000 13,520 


- The increase in pressure with depth is nearly constant because water is only slightly 
compressible. 

Although virtually all of the physical properties of seawater are affected to a 
measurable extent by pressure, the effect is not as great as those of salinity and tem- 
perature. Pressure is of particular importance to submarines, directly because of the 
stress it induces on the materials of the craft, and indirectly because of its effect upon 
buoyancy. 

3009. Density is mass per unit volume. Oceanographers use the centimeter- 
gram-second system, in which density is expressed as grams per cubic centimeter. 
The ratio of the density of a substance to that of a standard substance under stated 
conditions is called specific gravity. By definition, the density of distilled water at 
4°C(39°2 F) is 1 gram per milliliter (approximately 1 gram per cubic centimeter). 
Therefore, if this is used as the standard, as it is in oceanographic work, density and 
specific -ravity are virtually identical numerically. 

The density of seawater depends upon salinity, temperature, and pressure. At 
constant temperature and pressure, density varies with salinity or, because of the 
relationship between this and chlorinity, with the chlozinity. A temperature of 32°F 
and atmospheric pressure are considered standard for density determination. The 
effects of thermal expansion and compressibility are used to determine the density 
at other temperatures and pressures. The density at a particular pressure affects 
the buoyancy of submarines. It is also important in its relation to ocean currents. 

The greatest changes in density of seawater occur at the surface, where the water 
is subject to influences not present at depths. Here density is decreased by precipita- 
tion, run-off from land, melting of ice, or heating. When the surface water becomes 
Jess dense, it tends to float on top of the more dense water below. There is little ten- 
dency for th water to mix, and so the condition is one of stability. The density of 
surface water is increased by evaporation, formation of sea ice, and by cooling. If the 
surface water becomes more dense than that below, it causes convective mixing. ‘The 
mzre dense surface water sinks and mixes with less dense water below. The resultant 
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layer of water is of intermediate density. This process continues until the density of i 
the mixed layer becomes less than that of the water below. The convective circulation | 
established as part of this process can create very deep uniform mixed layers. If the } 
surface water becomes sufficiently dense, it sinks all the way to the bottom. If this | 
occurs ia an area where horizontal flow is unobstructed, the water which has descended | 
spreads to other regions, creating a dense bottom layer. Since the greatest increase in j 
density occurs in polar regions, where the air is cold and great quantities of ice form, 
the cold, dense polar water sinks to the bottom and then spreads to lower latitudes. 
In the Arctic Ocean region, the cold, dense water is confined by the Bering Strait and 
the underwater ridge from Greenland to Iceland to Europe. In the Antarctic, however, _ 
there are no similar geographic restrictions and large quantities of very cold, dense 
water formed there flow to the north along the ocean bottom. This process has con- ' 
tinued for a sufficiently long period of time that the entire ocean floor is covered with | 
this dense water, thus explaining the layer of cold water at great ¢ »pths in all the oceans. 

In some respects, oceanographic processes are similar to those occurring in the : 
atmosphere (ch. XXXVIII). The convective circulation in the ocean is somewhat 
similar to that in the atmosphere. Water masses kaving nearly uniform characteristics | 
are analogous to airmasses. 

3010. Compressibility—Seawaier is nearly incompressible, its coefficient of | 
compressibility being only 0.000046 per bar under standard conditions. This value 
changes slightly with changes of temperature or salinity. The effect of compression is 
to force the molecules of the substance closer together, causing it to become more dense. 
sven though the compressibility is low, its total effect is considerable because of the 
amourt of water invo'ved. If the compressibility of seawater were zero, sea level 
would be about 90 feet higher than it now is. 

3011. Viscosity is resistance to flow. Seawater is slightly more viscous than fresh- 
water. Its viscosity increases with greater salinity, but the effect is not nearly as 
marked as that occurring with decreasing temperature. The rate is not uniform, be- 
coming greater as the temperature decreases. Because of the effect of temperature 
upon viscosity, an incompressitle object might sink at a faster rate in warm surface 
water than in colder water below. However, for most objects, this effect may be more 
than offset by the compressibility of the object. 

The actual relationships existing in the ocean are considerably more co.aplicated 
than indicated by the simple exp'anation given above, because of turbulent motion 
within the sea. The disturbing effec. is called eddy viscosity. 

3012. Specific heat is the amount of heat required to raise the temperature of a 
unit mass of a substance a stated amount. In oceanographic work, specific heat is , 
stated, in centimeter-¢ ‘am-second units, as the number of calories needed to raise 1 
gram of the substance 1°C. Specific heat at constant pressure is usually the quantity 
desired when liquids are involved, but occasionally the specific heat et constant volume 
is required. The ratio of these two quantities has a direct relationship to the speed of 
sound in seawater. 

The specific heat of seawater decreases slightly as salinity increases. However, 
sk it is much greater than that of land. The ocean is a giant sink and source for heat. It 
cen absorb large quantities of heat with very little change in temperature. This is 
partly due to the high specific heat of water and partly due to mixing in the ocean 
that distributes the heat throughout a layer. Land has s lower specific heat and, in 
addition, all heat is lost or gained from a thin layer at the surface. This accounts for the 
greater temperature range of land and the atmosphere above it, resulting in mons ‘ons 
(art. 3810) and the familiar land and sea breezes of tropical and temperate regions “®,. - 
(art. 3814). 
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3013. Thermal expansion.—One of the moie interesting differences between salt- 
and freshwater relates to thermal expansion. Saliwater continues to become more 
dense as it cools to the freezing point; freshwater reaches maximum density at 4°C 
and then expands (becomes Jess dense) as the water cools to 0°C and freezes. This 
means that the convective mixing of freshwater stops at 4°C; freezing proceeds very 
rapidly beyond that point. The rate of expansion with increased temperature is greater 
in seawater than in freshwater. Thus, at temperature 15°C (59°F), and atmospheric 
pressure, the coefficient of thermal expansion is 0.000151 per degree Celsius for fresh- 
water and 0.000214 per degree Celsius for water of 35 parts per thousand salinity. The 
coefficient of thermal] expansion increases not only with greater salinity, but also with 
increased temperature and pressure. At 35 parts per thousand. the coefficient of surface 
water increases from 0.000051 per degree Celsius at 0°C (82°F) to 0.000334 pe. degree 
Celsius at 30°C (86°F). At a constant temperature of 0°C (32°F) and a salinity of 
34.85 parts per thousand, the coefficient increases to 0.000276 per degree Celsius at 
a pressure of 10,000 decibars (at a depth of approximately 10,000 meters). 

3014. Thermal conductivity.—In water, as in other substances, one method of 
heat transfer is by conduction. Freshwater is a poor conductor of heat, having a 
coefficient of thermal conductivity of 0.00139 calories per second per centimeter per 
degree Celsius. For seawater it is slightly less but increases with greater temperature 
or pressure. 

However, if turbulence is present, which it nearly always is to some extent in the 
ocean, the processes of heat transfer are altered. The effect of turbulence is to increase 
greatly the rate of heat transfer. The “eddy”’ coefficient used in place of the still-water 
coefficient is so many times larger, and so dependent upon the degree of turbulence that 
the effects of temperature and pressure are not important. 

3015. Electrical conductivity.— Water without impurities is a very poor conductor 
of electricity. However, when salt is in solution in water, the salt molecules are ionized 
(art. 4107) and therefore are carriers of electricity. (What is commonly called fresh- 
water has many impurities and is a good conductor of electricity; only pure distilled 
water is a poor conductor of electricity.) Hence, the electrical conductivity of sea- 
water is directly proportional to the number of salt molecules in the water. For any 
given salinity, the conductivity increases with an increase in temperature. 

3016. Radioactivity. Although the amount f radioactive material in seawater 
is very small, this msterial is present in marine seciments to a greater extent than in 
the rocks of the earth’s crust. This is probably due to precipitation of radium or other 
radioactive material from the water. The radioactivity of the top layers of sediment 
is less than that of deeper layers. This may be due to absorption of radioactive material 
in the soft tissues of marine organisms. 

3017. Refractive index (art. 1613) of seawater increases as salinity becomes 
greater, or as temperature decreases. Since it varies with frequency of the radiant 
energy, the “‘D line” of sodium is usually used as the standard for comparison. 

3018. Surface tension of water in dynes per square centimeter is approximately 
equal to 75.64—0.144T +0.0299Cl, where T is temperature in degrees Celsius (centi- 
grade) and Cl is the chlorinity of the water in parts per thousand. As indicated by 
the last term, the surface tension increases with chlorinity, and is therefore a little 
more for seawater than for freshwater. However, the presence of impurities causes 
it to be somewhat less than indicated by the formula. 

3019. Transparency of seawater varies with the number, size, and nature of 
particles suspended in the water, as well as with the nature and intensity of illumina- 
tion. The rate of decrease of light energy with depth is called the “extinction coeffi- 
cient.” The earliest method of measuring transparency was by means of a Secchi disk, 
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a white disk 30 centimeters (a little less than 1 foot) in diameter. This was lowere 
into the sea, and the depth at which it disappeared was recorded. In coastal waters} 
the depth varies from about 5 to 25 meters (16 to 82 feet). Offshore, the depth is usually | 
about 45 to 60 meters (148 to 197 feet). The greatest recorded depth at which the 
disk has disappeared is 66 meters (217 feet), in the Sargasso Sea. 

Although the Secchi disk still affords a simple method of measuring transparency, 
more exact methods have been devised. 

3020. Color.—The color of seawater varies considerably. Water of the Gulf Stream 
is a deep indigo blue, while a similar current off Japan was named Kurnshio (Black 
Stream) because of the dark color of its water. Along many coasts the water is green. 
In certain localities a brown or brownish-red water has been observed. Colors other 
than blue are caused by biologica) sources, such as planicton, or by suspended sediments 
from river runoff. 

Offshore, some shade of blue is common, particularly in tropical or subtropical 
regions. It is due to scattering of sunlight by minute particles suspended in the water, 4 
or by molecules of the water itself. Because of its short wavelength, blue light is more 
effectively scattered than light of longer waves. Thus, the ocean appears blue for the 
same reason that the sky does (art. 3817). The green color often seen near the coast; 
is a mixture of the blue due to scattering of light and a stable soluble yellow pigment ! 
associated with phytoplankton (art. 3024). Brown or brownish-red water receives ate 
color from large quantities of certain types of algae, microscopic plants in the sea or | 
from river runoff. 

3021. Marine geology is a branch of oceanography dealing with bottom relief, 
particularly the characteristics of ocean basins and the geological processes that brought 
them into being and tend to alter them, as well as with marine sediments. 

3022. Bou‘a-a relief—Compared to land, relatively little is known of relief below 
the surface of th: sea. Until recent years, the sea has proved an effective barrier to 
acquisition of knowledge of features below its surface. Although soundings of 1,000 
fathoms wore probably made as early as the second century BC (art. 3002), the number 
of deep s~2 soundings by means of a weight lowered to the bottom had been relatively 
few. The process was a time-consuming one requiring special equipment. Several hours 
were needed for a single sounding. Since the development of an effective echo sounder 
(art. 619) in 1922, the number of deep sea soundings has greatly increased. Later, a 
recording echo sounder was developed to permit the continuous tracing of 2 bottom 
profile. This has assisted materially in the acquisition of knowledge of bottom relief. 
By this means, many mountain ranges, and other features have been discovered. 
Although the main features are becoming known, a great many details are yet to 
be learned. 

Along most of the coasts of the continents, the bottom slopes gradually downward ' 
to a depth of about 100 fathoms or somewhat less, where it falls away more rapidly 
to greater depths. This continental shelf (fig. 3022a) averages about 30 miles in width, 
but varies from nothing to about 800 miles, the widest part being off the Siberian 

arctic coast. A similar shelf extending outward from an island or group of islands is 
caiied an isiand sheif. At the outer edge of the shelf, the steeper slope of 2° to 4° 1s 
called the continental slope, or the island slope, according to whether it surrounds a 
continent or group of islands. The shelf itself is not uniform, but has numerous hills, 
ridges, terraces, and canyons, the largest being comparable in size to the Grand Canyon. 

The relief of the oc .an floor is comparable to that of land. Both have steep, rugged 
mountains, deep canyons, rolling hills, plains, etc. Most oi the ocean floor is considered 
to be made up of a number of more-or-less circular or oval depressions called basins, - 
surrounded by walls (sills) of lesser depth. 
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Undersea features (figs. 30228 and 3022b) are defined as follows: 

Archipelagi apron or eapron.—A gentle slope with a generally smooth surface 
on the sea floor, particularly as found around groups of islands or seamounts. 

Bank.—Ar elevation of the sea floor located on a shelf end over which the depth 
of water is relatively shallow but sufficient for safe surface navigation. 

Basin.—A depression of variable extent and more-or-less circular or oval in fm. 

Borderland or continental borderland.—A region adjacent to a continent, normally 
occupied by or bordering a shelf, that is highly irregular with depths well in excess of 
those typical of a shelf. 

Canyon.—A relatively narrow, deep depression with steep slopes, the bottom of 
which generally grades downward. 

Cone.—See FAN. 

Continental borderland.—See BoRDERLAND. 

Continental margin.—The zone separating the emergent continent from the deep 
sea bottom, generally consisting of the rise, slope, «nd shelf. 

Continental rise—A gentle slope rising toward the foot of the continental slope. 
See RISE. 

Continental shelf —See sHELF. 

Cordillera.—An entire mountain system including all the subordinate ranges, 
interior plateaus, and basins. 

Escarpment or scarp.—An elongated and comparatively steep slope of the sea 
floor, ssparating flat or gently sloping areas. 

Fan or cone.—A gently sloping, fan-shaped feature normally located near the lower 
termination of a canyon. 

Fracture zone-—An extensive linear zone of unusually irregular topography of the 
sea floor characterized by Jarge seamounts, seep-sided or asymmetrical ridges, troughs, 
or escarpments. 

Gap.—A depression cutting transversely across a ridge or rise. 

Hill—aA small elevation rising generally less than 200 meters from the sea floor. 

Hole.—A small depression of the sea floor. 

Knoll.—An elevation rising less than 1,000 meters from the sea floor and of limited 
extent across the summit. 

Levee.—An embankment berdering either one or both sides of a seachannel or the 
low-gradient seaward part of a canyon or valley. 

Moat.—An annua! depression that may not be continuous, located at the base of 
many seamounts or islands. 

Mountains.—A well delineated subdivision cf a large and complex positive feature, 
generally part of a cordillera. 

Peak.—An individual pointed top on a ridge or a complex seamount. 

Plain.—A flat, gently sloping or nearly level region of the sea floor. 

Plateau.—A comparttively flat-topped elevation of the sea floor of considerable 
extent across the summit and usually rising more than 200 meters on at least one side. 

Province.—A region composed of a group of similar bathymetric features whose 
characteristics arc markedly in contrast with surrounding erees. 

Range.—A series of ridges or seamounts, generally parallel. 

Reef.—An offshore consolidated rock hazard to navigation with a least depth of 
20 meters {or 10 fathoms) or less. 

Ridge.—A long, narrow elevation of the sea floor with steep sides. 

Rise.—A long, broad elevation that rises gently and generally smoothly from the 
sea floor. 

Saddle.—A low part on a ridge or between seamounts. 
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750 THE OCEANS 


Seachannel—A long, narrow, U-shuped, or V-shaped, shallow depression. of the 
sea floor, usually occurring on a gently sloping plain or fan. 

Seamount.—An elevation rising 1,000 meters or more from the sea floor, and of | 
limited extent across the summit. 

Shelf or continental shelf—A zone adjacent to a continent or around an island, 
and extending from the low waterline to the depth at which there is usually a marked 
increase of slope to greater depth. 

Shoal.—An offshore hazard to navigation with a least depth of 20 meters (or 10 
fathoms) or less, composed of unconsolidated material. 

Sill.—The low part of the ridge or rise separating ocean basins from one another 
or from the adjacent sea floor. | 

Slope or continental slope.—The declivity seaward from a shelf into greater depth. | 

Spur.—A subordinate elevation, ridge, or rise projecting from a larger feature. 

Tablemount or Guyot—A seamount having a comparatively smooth, flat top.! 

Terrace or bench_—A bench-like feature bordering an undersea feature. 

Trench.—A long, narrow and deep depression of the sea floor, with rave 
steep sides. 

Trough.—A long depression of the sea floor, normally wider and shallower than | 
trench. 

Valley.—A relatively shallow, wide depression with gentle slopes, the bottom of 
which generally grades continuously downward. This term is used for features that do 
not have canyen-like charecteristics in any significant part of their extent. ‘ 

The term deep may be used for a very deep part of the ocean, generally that part 
deeper than 3,000 fathoms. 5 
‘The average depth of water in the oceans is 2,075 fathoms (12,450 feet), as ee 





pared to an average height of land above the sea of about 2,750 feet. The greatest 
known depth is 35,800 feet, in the Marianas Trench in the Pacific. The highest known 

_ land is Mount Everest, 29,002 feet. About 23 percent of the ocean is shallower than 
10,000 feet, about 76 percent is between 10,000 and 20,000 feet, and a little more than 
1 percent is deeper than 20,000 feet. 

3023. Marine sediments.—The ocean floor is composed of material deposited 
there through the years. This material consists principally of (1) earth and rocks 
washed into the sea by streams and waves, (2) volcanic ashes and lava, and (8) the 
remains of marine organisms. Lesser amounts of land material are carried into the 
sea by glaciers, blown out to sea by wind, or deposited by chemical means. This latter 
process is responsible for the manganese nodules that cover some parts of the ocean 
tloor. In the ocean, the material is transported by ocean currents, waves, and ice. Near : | : 
shore the material is deposited at the rate of about 3 inches in 1,000 years, while +: . 
in the deep water offshore the rate is only about half an inck in 1,000 years. Marine;- sg 
deposits in water deep enough to be relatively free from wave action are subject to little , _ 
erosion. Recent studies have shown that some bottom currents are strong enough to be 
move sediments. There are turbidity currents, similar to land slides, that move large {=~ - 

masses of sediments. Turbidity currents have been known to rip apart large trans-- = = - 
oceanic cables on the ocean bottom. Because of this and the slow rate of Senet 
marine sediments provide a better geological record than does the land. - 
Marine sediments are composed of individual particles of all sizes from the finest | 
clay to large boulders. In general, the inorganic deposits near shore are relatively | 
coarse (sand, gravel, shingle, etc.), while those in deep water are much finer (clay). ; 
In some areas the siliceous remains of marine organisms or the calcareous deposits - 
(of either organic or inorganic origin) are sufficient to predominate on the ocean floor. 


“gt Ties 


ne 


ha 


dock f1 04 









he 
hii 


¥ 
ae 
x 
ry 


































































































































































































































































































ey “SOINGUI} UISUq UTIIQO—'BZZOE AUNT 
nw 

3 root 

novrsenous mee N ’ 
sr ee <a TH, | 
; 4+ ~ Cc : 
Gg NY O\ Frow? 

10 GNV1S1 DINVOTOA 
A 





ae 4 


— ae nd 


ia % 

o ore, 

° : \ 
a SLNIOWSIEVL 

xq s/ 








Yo wey 
Gov983_ a+ 











Pee 













































































” te ato es ey - BD 0 “ 
a a SES AAO sb | OPN Bh 
‘COEb= Patt OF totes MOT 2 ON TE A 
“DET Y “HTT 76 BP] <4 SamD perrcareng dpntng “WH Ores poe “E “oOpdes “Tt Yet 
Cats = 5005 OS Weel AWE Zee SE A Sey 
‘reset, POUT 1° HOTD BED WP SEBO JomeHOS Je Setereny “OE "Leemg gue 19 rhe 
: COLL + OEE OG TT's FETE A avy “SOrOe ft NO TONE 
Pee Reet seeeeeper) sownens jo sommaag “Teee! poe Fw Daag M1 wermey "E mi Dole g 
POEL ADIAIVE 1 SUER © O84 'OVETE NOTE COA Bu LE OREYIED fH WIORS INLINLUYE 


t¥L¥0 #0 SEDBNOS BIHLO 














DOWEL 20 Sab OCS FE HECY MYT SABAENS WORE 
DNV EMEA DHL AG GIMEVIEO FINIOU MELIWAHLVE ONS CIDIWOD 


WAL AW “0186 3003 ‘ONLNVOUTE'N UAE 
06002 3 ‘0 ‘NOLONIHSVM 
IMO DHAVAOONYIIO IVAYN S$ N 


or1x3aw JO 41ND 




















3HL 4O 
_ AHdWYDOISAHd JNIBWWANs 4 u 
\ wn , ' 
‘ 7 A ‘es 
* ° z 
¥ ro > ' 
a 3345015 S 
oa - 
3 ye 
ava \ 








qsie 330s015 

































































































































































































































































































































































THE OCEANS 753 


A wide range of colors is found in marine sediments. The lighter colors (white 
or a pale tint) are usually associated with coarse-grained quartz or limestone deposits. 
Darker colors (red, blue, green, etc.) are usually found in mud having a predominance 
of some mineral substance, such as an oxide of iron or manganese. Black mud is often 
found in an area that is little disturbed, such as at the bottom of an inlet or in a de- 
pression without free access to other areas. 

Marine sediments are studied primarily by means of bottom samples. Samples 
of surface deposits are obtained by means of a snapper (for mud, sand, etc.) or “dredge” 
(usually for rocky material). If a sample of material below the bottom surface is desired, 
a “coring” device is used. This device consists essentially of 2 tube driven into the 
bottom by weights or explosives. A sample obtained in this way preserves the natural 
order of the various layers. Samples of more than 100 feet in depth have been obtained 
by means of coring devices. The bottom sample obtained by the mariner, by arming his 
lead with tallow or soap (art. 617), is an incomplete indication of bottom surface 
conditions. 

3024. Synoptic oceanography.—Bathythermograph and sea surface temperature 
observations are reported directly to the Fleet Numerical Weather Central, Monterey, 

_California. These synoptic reports are then analyzed by computer to determine ocean 
thermal conditions at any point in the Northern Heniisphere. 
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CHAPTER XXXI 
TIDES AND TIDAL CURRENTS 


General 


3101. The tidal phenomenon is the periodic motion of the waters of the sea due 
to differences in the attractive forces of various celestial bodies, principally the moon 
and sun, upon different parts of the rotating earth. It can be either a help or hindrance 
to the mariner—the water’s rise and fall may at certain times provide enough depth 
to clear a bur and at others may prevent him from entering or leaving a harbor. The 
flow of the current may help his progress or hinder it, may set him toward dangers or 
away from them. By understanding this phenomenon and by making intelligent use, 
of predictions published in tide and tidal current tables and of descriptions in sailing: 
directions, the mariner can set his course and schedule his passage to make the tide 
serve him, or at least wo avoid its dangers. 

3102. Tide and current.—In its rise and fall, the tide is accompanied by a periodic § 
horizontal movement of the water called tidal current. The two movements, tide and § : 
tidal current, are intimately related, forming parts of the same phenomenon brought § 
about by the tide-producing forces of the sun and moon, principally. i 

It is necessary, however, to distinguish clearly between tide and tidal current | 
for the relation between them is not a simple one nor is it everywhere the same. For 
the sake of clearness and to avoid misunderstanding, it is desirable that the mariner 
adopt the technical usage: tide for the vertical rise and fall of the water, and tidal 
current for the horizontal flow. The tide rises and falls, the tidal current floods and 
ebbs. In British usage, tidal current is called iidal stream. 

3103. Cause.—It is often said of science that the ability to predict a natural event 
is indicative of understanding. Since tides are the most accurately predictable oceano- 
graphic phenomena, one could easily assume that physical oceanographers truly under- 
stand them. Unfortunately, this is not true; significant gaps remain. An examination of 
the details of this apparent contradiction gives insight into one of the most exciting 
areas of oceanography—ocean tides. 

To facilitate this examination, it will be desirable, first of all, to discuss the funda- 
mental tide-generating forces and the theoretical equilibrium tide they try to produce. 
The principal tide-generating forces on the surface of the earth result from the differ- 
ential gravitational forces of the moon and sun. The moon is the main tide-generating 
body. Due to its greater distance, the effect of the sun is only 46 percent of the effect 
due to the moon. After the theoretical equilibrium tide produced by the sun and moon } 
is discussed in this article, the actual tide as observed in nature is described in article 
3104. Observed tides will differ considerably from the tides predicted by equilibrium - 
theory since size, depth, and configuration of the basin or waterway, friction, land- 
masses, inertia of watermasses, Coriolis acceleration, and other factors are neglected ; 
in this theory. Nevertheless, equilibrium theory will be sufficient to describe the | 


magnitude and distribution of the main tide-generating forces across the surface of | 
the earth. 
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Tide-Generating Forces 


Newton’s universal law of gravitation governs both the orbits of celestial bodies 
and the tide-generating forces which occur on these bodies. The force of gravitational 
attraction between any two masses, 2, and me, is given by 


Gm Me 
Se 


where d is the distance between the two masses and G is a constant which depends upon 
the units employed. This law assumes that m, and m2 are point masses. Newton was 
able to show that homogencous spheres could be treated as point masses when deter- 
mining their orbits. However, when computing differential gravitational forces, the 
actual dimensions of the masses must be taken into account. 

Using the law of gravitation, it is found that the orhits of two point masses are 
conic sections about the barycenter of the two masses (art. 1407). If either one or both 
of the masses are homogenous spheres instead of point mas-es, the orbits are the same 
as the orbits which would result if all of the mass of the sphere were concentrated at a 
point at the center of the sphere. In the case of the earth-moon system, both the earth 
and the moon describe elliptical orbits about their barycenter if the simplifying assump- 
- tion is made that both bodies are homogeneous spheres and the gravitational forces of 
the sun and other planets are neglected. The earth-moon barycenter is located at a dis- 
- tance of 0.74 Ry from the earth’s center, where [Ig is the radius of the earth. This is 
: approximately three-fourths of the distance from the center of the earth to the surface 

of the earth along the line connecting the centers of the earth and moon (fig. 3103a). 

: Thus, the center of mass of the earth describes a very small ellipse about the 
earth-moon barycenter whereas the center of mass of the moon describes a much larger 
ellipse about the same barycenter. If the gravitational forces of the other bodies of the 
solar system are neglected, Newton’s law of gravitation a'-o predicts that the earth- 
- moon barycenter will describe an orbit which is approximately elliptical about the 
- barycenter of the sun-earth-moon system. This barycentric point lies inside the sun 
(fig. 3103b). 

The differences in gravitational attraction of various celestial bodies, principally 
the moon and sun, upon different parts of the rotating and revolving earth are the 
fundamental tide-generating forces. These differential gravitational forces are described 
here by considering first the effects of the moon only. The results will be general and 
can be applied directly to describe the differential gravitational forces of the sun. 
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Fictre 3103a.—Earth-meéon barycenter. 
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Figure 3103b.—Orbit of earth-moon barycenter (not to scale). 






Earth-Moon System 






When determining the orbit of the earth’s center of mass about the earth-moon 
barycenter, the gravitational force exerted by the moon on the earth is given by 


GMzMy i 


Pe 







where My and My, are the masses of the earth and moon, and dyy is the distance between 
their centers of mass. Acceleration and force are related by Newton's second law of 
motion, F=ma. The acceleration, a, of a mass, m, is then a=F/m. The terms “accelera- 
tion” and “force per unit mass” may be used interchangeably. Combining Newton’s 
law of gravitation and his second law of motion, the acceleration of the earth’s center of 2 
mass about the earth-moon barycenter is ston 


_ GM : 
t= “Dc 










In determining the direction and magnitude of tide-generating forces of the moon, 
the simplest case to treat is that of the sublunar point and its antipode on the earth. | - 
These two points are labeled P; and ?, in figure 3108c. 

The acceleration at the point P, due to the gravitational attraction of the moon is | 












GMy i 


“GR 







where Rg is the radius of the earth. The acceleration at the point P, due to the gravita- | 
tional attraction of the moon is 







dats) 





GMa | ; Page, 
| 









C —E£arth’s center of mass. 
8 --Earth-moon barycenter. 
P,~Sublunar point. 
P,—Antipode of sublunar point. 






P; 








Figure 3103c.—Sublunar point and antipode. 
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The differential acceleration at P,, that is, the acceleration at P, relative to the accel- 
. eration of the center of the earth, is 


GE De, 


_ With some simplification, this expression becomes 


1 tm senna seemaneseaminanesnnnintne CuO NKHINK NANNIES 


26MuRz 
a —d, = ee 
rR By 
7 This is the differential acceleration or differential force per unit mass at the sublunar 


point P,. In a similar manner, the differential acceleration at the antipode, point P», 
is found to be 





| _-26MyRe 
Q—-o.= ay 


Both the accelerations and the resulting differential accelerations or differential forces 
per unit mass are shown in figure 3103d. 
Note that the differential gravitational force per unit mass at the antipode, point 
P», is negative. Thus, at both the sublunar point and the antipode, the moon’s differen- 
tial gravitational forces are vertical and directed away from the center of the earth. 
A more complicated situation occurs when the moon’s gravitational forces act on 
_ points of the earth’s surface other than the sublunar point and the antipode. To find 
the differential accelerations at the sublunar point and the antipode, it was only neces- 
sary to take the algebraic difference between the accelerations at the surface and the 
_ acceleration of the earth’s center. At other points on the surface, however, both the x 
magnitude and direction of the moon’s gravitational forces differ from that at the earth’s 
center (figure 3103e). To obtain the differential accelerations at the other points, it is E 
necessary to subtract the accelerations vectorially: F>=Gy —c, where Fp is the dif- oes 
ferential acceleration or differential force per unit mass at any point on the surface of the 
earth, @e is the acceleration of the earth’s center of mass, and dy is the acceleration or 
force per unit mass at the point under consideration due to the moon’s gravitational = 
; force acting at that point (figure 3103f). a Sh 
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Ficure 3103d.—Differential gravitational forces per unit mass at sublunar point and antipode. 
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ants the acceleration or force per unit mass at . 


various points on the earth’s surface due the 
moon's gravitational forces at these points. 


Figure 3103e.—Forces per unit mass on earth’s surface 
due to moon’s gravitational forces. Only the acceleration 
at the earth’s center and the accelerations along one 
great circle through the sublunar point and the antipode 
are shown. 
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Ficure 3103g.— Accelerations due to the moon’s gravitational forces, ay, compared to the acceleration 
of the center of the earth, ac. Comparisons are made at the earth’s center and at various points 
along a great circle connecting the sublunar point and the antipode. The effects will be the same 
along all great circles connecting these two points. 


The relative effects of Ty and Ge at the center of the earth and at various points 
along one great circle through the sublunar point and the antipode are shown in figure 
3103g. The resultant differential forces per unit mass are shown in figure 3103h. 

If it is assumed that the entire surface of the earth is covered with a uniform layer 
of water, the differential forces may be resolved into components perpendicular and 
parallel to the surface of the earth (fig. 3103i) to determine their effect. 

The components of these differential forces which are perpendicular to the earth’s 
surface have the effect of changing the weight, of the mass on which they are acting. 
These vertical components do not contribute to the tidal effect. The horizontal compo- 
nents which are parallel to the earth’s surface, although small, have the effect of moving 
the water in a horizontal direction towards the sublunar and antipedal points until an 


equilibrium position is found. The horizontal components of the differential forces are Be, 














Figure 3103f.— Differential force : 
per unit mass, Fp, is the vector 
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Figure 3103h.—Differential forces along a great circle connecting the sublunar point and antipoae.. i : 
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Fo—Difterential force per unit mass on 
surface of the earth. 
Fv—Component of Fo perpendicular to 
earth's surface. 
Fu—Componert of Fo parallel to earth’s 
surface. oe 
Fx—The principal tide-generating force. = 
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Figure 3103i.—Differential force resolved into horizontal and vertical components. (A) Fp directed 


out of surface. {(B) Fp directed intu surface. (C) Varying directions of Pp along a great circle through 
sublunar point. 
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the principal tide-generating forces. These are also called tractive forees. Figure 510 | 
shows the tractive forces across the surface of the earth. 
The magnitud :s of the horizontal and vertical components are 


3 ate 


Fy= sin 24 


relia (3 cos*A—1), 
af 


where A is the angle at the center of the earth between the line connecting the sub- 
lunar point and the artipode and the line from the center of the earth to the point 
under consideration (fig. 3103i). Thus, it can be seen that the horizontal component, 
which is the tide-generating force, is zero when the angle < is zero (sublunar point and 
antipode). It is also zero when the angle A is 90°. This corresponds approximately to 
the great circle connecting observers for which the moon is setting. The maximum 
value of Fy occurs when the angle A is 45°. 

Equilibrium will be reached when a bulge of water has formed at the sublunar and . 
antipodal points such that the tractive forces due to the moon’s differential gravita- | 
tional forces on the mass of water covering the surface of the earth are just balanced 


Consider now the effects of the rotation of the earth which were previously ne- 
glected. If the declination of the moon is 0°, the bulges will lie on the equator of the : 
earth. As the earth rotates, an observer at the equator will note that the mocn transits 
approximately every 24 hours and 50 minutes. Since there are two bulges of water on 
the equator, one at the sublunar point and the other at the antipode, the observer will 
also see two high tides during this interval with one high tide occurring when the moon is 
overhead and another high tide 12 hours 25 minutes later when the observer is located 
at the antipode. He will also experience two low tides, one between each high tide. 
The range of these equilibrium tides at the equator will be less than 1 meter. 

The heights of the two high tides should be equal at the equator. At points north 
or south of the equator, an observer would still experience two high and two low tides, 
but the heights of the high tides, although still equal, would not be as great ss they 
are at the equator. 

The effects of the declination of the moon are shown in ugure 3103). 

The preceding paragraphs addressed the tide-generating forces due to the differ- 
ential gravitational forces of the mcon on the earth. For the sublunar point, the force 
per unit mass was found to be 


i 
by the earth’s gravitational attraction (fig. 3103k). i 
a 
3 


27 MuRs 


uM 


In a similar manner, the differential gravitational force per unit mass due to the sun 
at the subsolar point is found te be 


2MsRe, 
&s 


where AM; is the mass of the sun and ds is the distance between the centers of mass of 

the sun and earth. To find the relative effects of the sun and moon, the ratio of the 

expressions can be used. This ratio is 
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- 3 Fictrr 3103j.—Tractive forces across the surface of the earth. Tractive forces are zero at the sublunar 
and antipodal points and along the great circle halfway between these two pointe. Tractive forces 
are maximum along the small circles lecated 45° from the sublunar point and the antipode. 
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Figure 3103k.— Theoretical .quilibrium configuration due to moon’s differential gravitational forces. 
One bulge of the water envelore is located at the sublunar point, the other bulge at the antipcas. 


The numerical value of this ratio is 0.46. Thus, the effect of the moon is approximstely 
two and one-quarter times greater than the effect of the sun even thouzh the moon’s 
mass is but a fraction of the sun’s. This is due to the fact that the differential forces 
=e vary inversely as the cube of the distance. Thus the moon’s smaller mass is ofiset by its 
much shorter distance to the earth. 
; The preceding discussion pertaining to the effects of the moon is equally valid 
' when discussing the effects of the sun, taking into account that the magnitude of the 
ie solar effects are smailer than the lunar effects. Hence, the tides will also ary according 
to the sun’s declination and its varying distance from the earth. A second envelope of 
water representing the equilibrium tides due to the sun would resemble the envelope 
shown in figure 3103k except that the heights of the high tides would be smalier. 
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= | Toward the Moon 
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Froure 31031.—Effects of the declination of the moon. (A) When the moon is in the plane of the 3 
equator, the forces are equal in magnitude at the two points on the same parallel of latitude and § a 
180° apart in longitude. (B) When the moon is at north (or south) declination, the forces are unequal | 5 
at such points and tend to cause an inequality in the two high waters and the two low waters of a 3 
day. (C) Observers at points X, Y, and Z experience one high tide when moon is on their meridian, 
then another high tide 12 hours 25 minutes later when at X’, Y’, and Z’. The second high tide is 
the same at X’ as at X.H’ cides at Y’ and Z’ are lower than high tides at Y and Z. 


Spring and Neap Tides 


The combined lunar-solar effect is obtained by adding the sun’s tractive forces 
vectorially to the moon’s tractive forces. The resultant tidal bulge will be predominantly 
lunar with modifying solar effects upon both the height of the tide and the direction of 
the tidal bulge. Special cases of interest occur during the times of new and full moor | 
(fig. 3103m). With the earth, moon, and sun lying approximately on the same line, the | 
tractive forces of the sun are acting in the same direction as the moon’s tractive forces | 
(modified by declination effects). The results are tides called spring tides whose ranges | i 
are greater than average. 

Another case of interest occurs when the moon is at first and third quarters. At‘ 
those times, the tractive forces of the sun are acting at approximately right angles to 
the moon’s tractive forces (fig. 3103m). The results are tides called neap tides whose . 
ranges are less than average. i 

With the moon in positions between quadrature and new and full moon, the effect ; 
of the sun is to cause the tidal bulge to either lag or precede the moon (fig. 3103n). . 
These effects are culled priming and lagging the tides. 


Tide 


3104. General features.—Tide is the periodic rise and fall of the water accompany- | 
ing the tidal phenomenon. At most places it occurs twice daily. The tide rises until it ° 
reaches a maximum height, called high tide or high water, and then falls to a minimum ‘ 
level called low tide or low water. 

The rate of rise and fall is not uniform. From low water, the tide begins to rise 
slowly at first but at an increasing rate until it is about halfway to high water. The 
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Figure 3103m.—(A) Spring tides occur at times of new and full moon. Range of tide is greater than 
average since solar and lunar tractive forces act in same direction. (B) Neap tides occur at times of 


first and third quarters. Range of tide is less than average since solar and Junar tractive forces act 
at right angles. 
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Figure 3103n.—Priming and lagging the tides. 


rate of rise then decreases until high water is reached and the rise ceases. The falling 

tide behaves in a similar manner. The period at high or low water during which there 

ee is no se .sible change of level is called stand. The difference in height between consecu- 

tive high and low waters is the range. 

Figure 3104 is a graphical representation of the rise and fall of the tide at New 

York during a 24-hour period. The tide curve has the general form of a sine curve. 

3105. Types of tide—A body of water has a natural period of oscillation that is 

a ; - dependent upon its dimensions. None of the oceans sppears to be a single oscillating 

body, but rather each one is made up of a number of oscillating basins. As such basins 

ure acted upon by the tide-producing forces, some respond more readily to daily or 

diurnal forces, others to semidiurnal forces, and others almost equally to both. Hence, 

i : tides at a place are classified as one of three types—semidiurnal, diurnal, or mixed— 
= according to the characteristics of the tidal pattern occurring at the place. 
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Ficurer 3104.—The rise and fall of the tide at New York, shown graphically. 


In the semidiurnal type of tide, there are two high and two low waters each tidal 
day, with relatively small inequality in the high and low water heights. Tides on the : 
Atlantic coast of the United States are representative of the semidiurnal type, which | 
is illustrated in figure 3105a by the tide curve for Boston Harbor. i 

In the diurnal type of tide, only a single high and single low water occur each | 
tidal day. Tides of the diurnal type occur along the northern shore of the Gulf of} 
Mexico, in the Java Sea, the Gulf of ‘I'onkin (off the Vietnam-China coast), and in a fews 
other localities. The tide curve for Pei-Hai, China, illustrated in figure 3105b, is an 
example of the diurnal type. ' 

In the mixed type of tide, the diurnal and semidiurnal oscillations are both im- 
portant factors and the tide is characterized by a large inequality in the high water 
heights, low water heights, or in both. There are usually two high and two low waters 
each day, but occasionally the tide may become diurnal. Such tides are prevalent 
along the Pacific coast of the United States and in many other parts of the world. 
Examples of mixed types of tide are shown in figure 3105c. At Los Angeles, it is typical 
that the inequalities in the high and low waters are about the same. At Seattle the 
greater inequalities are typically in the low waters, while at Honolulu it is the high 
waters that have the greater inequalities. 

3106. Solar tide—The natural period of oscillation of a body of water may ac- 
centuate either the solar or the lunar tidal oscillations. Though it is a general rule that 
the tides follow the moon, the relative importance of the solar effect varies in dif- 
ferent areas. There are a few places, primarily in the South Pacific and the Indonesian | 
areas, where the solar oscillation is the more important, and at those places the high: 
and low waters occur at about the same time each day. At Port Adelaide, Australia| 
‘fig. 3106), the solar and lunar semidiurnal oscillations are equal and nullify one another 
at neaps (art. 3108). 

3107. Special effects—As a progressive wave enters shallow water its speed is 
decreased. Since the trough is shallower than the crest, its retardation is greater, S| 
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Figure 3105c.—Mixed type of tide. 


sulting in a steepening of the wave front. Therefore, in many rivers, the duration of 
rise is considerably less than the duration of fall. In a few estuaries, the advance of 
the low water trough is so much retarded that the crest of the rising tide overtakes the 
low, and advances upstream as a churning, foaming wall of water called a bore. Bores 
that are large and dangerous at times of large tidal ranges may be mere ripples at those 
‘times of the month when the range is small. Examples occur in the Petitcodiac River 
in the Bay of Fundy, and at Haining, China, in the Tsientang Kaing. The tide tables 
indicate where bores occur. 

Other special features are the double low water (as at Hoek Van Holland) and the 
double high water (as at Southampton, England). At such places there is often a slight 
fall or rise in the middle of the high or low water period. The practical effect is to create a 
longer period of stand at high or low tide. The tide tables direct attention to these and 
other peculiarities where they occur. 

3108. Variations in range.—Though the tide at a particular place can be classified 
as to type, it exhibits many variations during the month (fig. 3106). The range of the 
tide varies in accordance with the intensity of the tide-producing force, though there may 
be a lag of a day or two (age of tide) between « particular astronomic cause and the tidal 
effect. 

Thus, when the moon is at the point in its orbit nearest the earth (at perigee), the 
lunar semidiurnal range is increased and perigean tides occur; when the moon is farthest 
from the earth (at apogee), the smaller apogean tides occur. When the moon and sun 
are in line and pulling together, as at new and full moon, spring tides occur (the term 
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farthest north or south of the Equator; A.P, moon in apogee of pengee, Oy .sun at autumnal equinox. 


@.new moon; }, first quarter; O, full moon, last quarter: E, moon on the Equator; N.S, moon 
© chart datum 
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Ficure 3106.—Tidal variations at various piaces during a month. 
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: These are variations in the semidiurnal portion of the tide. Variations in the 
diurnal portion occur as the moon and sun change declination. When the moon is 
sat its maximum semi-monthly declination (either north or south), tropic tides occur in | 
“which the diurnal effect is at a maximum; when it crosses the equator, the diurnal 
‘effect is a minimum and equatorial tides occur. 

It should be noted that when the range of tide is increased, as at spr-ng tides, there 
is more water available only at high tide; at low tide there is less, for the high waters 
rise higher and the low waters fall lower at these times. There is more water at neap 
low water than at spring low water. With tropic tides, there is usually more depth at i 
one low water during the day than at the other. While it is desirable to know the mean- ' 
ings of these terms, the best way of determining the height of the tide at any place and 
time is to examine the tide predictions for the place as given in the tide tables. Figure 
3108 illustrates variations in the ranges and heights of tides in a locality such as the 

. Indian Ocean where predicted and observed water levels are referenced to a chart 
sounding datum that will always cause them to be additive relative to the charted depth. 
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Figure 3108.—Variations in the ranges and heights of tide in a locality where the chart sounding Mw 
datum is Indian Spring Low Water. 
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3109. Tida! cycles—Tidal oscillations go through a number of cycles. The shovtaae| 
cycle, completed in about 12 hours and 25 minutes for a semidirrnal tide, extends from 
any phase of the tide to the next recurrence of the same phase. During a lunar da 
(averaging 24 hours and 50 minutes) there are iwo highs and two lows (two of th i 
shorter cycles) for a semidiurnal tide. The moon revolves around the earth with respect‘ 
to the sun in a synodical month of about 29% days, commonly called the lunar month. 
The effect of the phase variation is completed in one-half a synodical month or about 
2 weeks as the moon varies from new to full or full to new. The effect of the moon’s 
declination is also repeated in one-half of a tropical month of 27% days or about each 
2 weeks. The cycle involving the moon’s distance requires an anomalistic month of 
about 27% days. The sun’s declination and distance cycles are respectively a half year 
and a year in length. An important lunar cycle, called the nodal period, is 18.6 years 
(usually expressed in round figures as 19 years). For a tidal value, particularly a range,. 
to be considered a true mean, it must be either based upon observations extended 
over this period of time or adjusted to take account of variations known to occur. 
during the cycle. ; 

3110. Time of tide.—Since the lunar tide-producing force has the greater effect! 
in producing tides at most places, the tides “follow the moon.” Because of the rotation | 
of the earth, high water lags behind meridian passage (upper and lower) of the moon. i}. 
The tidal day, which is also the lunar day, is the time between consecutive transits | 
of the moon, or 24 hours and 50 minutes on the average. Where the tide is largely 3 
semidiurnal in type, the lunitidal interval—the interval between the moon’s meridian) 
transit and a particular phase of tide—is fairly constant throughout the month, varying§ 
somewhat with the tidal cycles. There are many places, however, where solar or diurnal 
oscillations are effective in upsetting this relationship, and the newer editions of charts 
of many countries now omit intervals because of the tendency to use them for prediction 
even though accurate predictions are available in tide tables. However, the lunitidal 
interval may be encountered. The interval generally given is the average elapsed time i. 
from the meridian transit (upper or lower) of the moon until the next high tide. This 
may be called mean high water lunitidal interval or corrected (or mean) establishment. 
The establishment of the port, high water full and change (HWF &C), or vulgar (or 
common) establishment, sometimes given, is the average interva! on days of full | 
new moon, and approximates the mean high water lunitidal interval. 

In the ocean, the tide may be of the nature of a progressive wave with the crest | 
moving forward, @ stationary or standing wave which oscillates in a seesaw fashion, | 
or a combination of the two. Consequently, caution should be used in inferring the! ~ 
time of tide at a place from tidal data for nearby places. In a river or estuary, the tide’ 
enters from the sea and is usually sent upstream as a progressive wave, so that wes 
tide occurs progressively later at various places upstream. 

3111. Tidal datums.—A tidal datum is a level from which heights and dep:hs are| 
measured. There are 2 number of such levels of reference that are important to the] 
mariner. The relation of the tide each day during a month to these datums is shown,’ 
for certain places, in figure 3106. 

The most important levei of reference to the mariner is the datum of soundings 
on charts (art. 511). Since the tide rises and falls continually while soundings are being 
taken during a hydrographic survey, the tide should be observed during the survey so, 
that soundings taken at all stages of the tide can be reduced to a common chart sounding: 
datum. Soundings on charts show depths below a selected low water datum (occasionally! 
mean sea level), and tide predictions in tide tables show heights above the same level. 
The depth of water available at any time is obtained by adding the height of the tide he 
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at the time in question to the charted depth, or by subtracting the predicted height 
if it is negative. 

By international agreement, the level used as chart datum should be just low 
enough so that Jow waters do not go far below it. At most places, however, the level 
used is one determined from a mean of a number of low waters (usually over a 19-year 

- period); therefore, some low waters can be expected to fall below it. The following are 
some of the datums in general use. 

The highest low water datum in considerable use is mean low water (MLW), which 
is the average height of all low waters at a place. About half of the low waters fall 
below it. Mean low water springs (MLWS), usually shortened to low water springs, is 
the average level of the low waters that occur at the times of spring tides. Mean lower 
low water (MLLW) is the average height of the lower low waters of each tidal day. Tropic 
lower low water (TcLLW) is the average height of the lower low waters (or of the single 
daily low waters if the tide becomes diurnal) that occur when the moon is near maximum 
declination and the diurnal effect is most pronounced. This datum is not in common 
use as a tidal reference. Indian spring low water (ISLW) sometimes called Indian tide 
plane or harmonic tide plane, is a low water datum that includes the spring effect of the 

-semi-diurnal portion of the tide and the tropic effect of the diurnal portion. It is about 
the level of lower low water of mixed tides at the time that the moon’s maximum declina- 
tion coincides with the time of ncw or full meon. Mean lower low water springs is the 

_ average level of the lower of the two low waters on the days of spring tides. Some still 

slower datums used on charts are determined from tide observations and some are 

‘determined arbitrarily and later referred to the tide. Most of them fall close to one or 

“the other of the following two datums. Lowest normal low water is a datum that 
approximates the average height of monthly lowest low waters, discarding any tides 

* disturbed by storms. Lowest low water is an extremely low datum. It conforms generally 
to the lowest tide observed, or even somewhat lower. Once a tidal datum is established, 
it is sometimes retained for an indefinite period, even though it might differ slightly 
from a better determination from ater observations. When this occurs, the established 
datum may be called low water datum, lower low water datum, etc. These datums are 
used in a limited area and primarily for river and harbor engineering purposes. Examples 
are Boston Harhor Low Water Datum and Columbia River Lower Low Water Datum. 

In some areas where there is little or no tide, such as the Baltic Sea, mean sea 
level (MSL) is used as chart datum. This is the average height of the surface of the sea 
for all stages of the tide over a 19-year period. This may differ slightly from half-tide 
level, which is the levei midway between mean high water and mean low water. 

Inconsistencies of terminology are found among charts of different countries and 
between charts issued at different times. For example, the spring effect as defined 
here is a feature of only the semidiurnal tide, yet it is sometimes used synonymously 
with tropic effect to refer to times of increased range of a diurnal tide. Such incon- 
sistencies are being reduced through increased international cooperation. 

Large-scale charts usually specify the datum of soundings and may contain a 
tide note giving mean heights of the tide at one or more places on the chart. These 
heights are intended merely as a rough guide to the change in depth to be expected 
under the specified conditions. They should not be used for the prediction of heights 
on any 2articular day. Such predictions should be obtained from tide tables (arts. 
1203-12086). 

3112. High water datums.—Heights of land features are usually referred on nautical 
charts to a high water datum. The one used on charts of the United States, its ter- 
ritories, and possessions, and widely used elswehere, is mean high water (MHW), 
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which is the average height of all high waters over a 19-year period. Any other high 
water datum in use on charts is likely to be higher than this. Other high water datums @ 
are mean high water springs (MHWS), which is the average level of the high waters | 
that occur at the time of spring tides; mean higher high water (MHMW), which is? 
the average height of the higher high waters of each tidal day; and tropic higher high? 
water (TCHHW), which is the average height of the higher high waters (or the single 
daily high waters if the tide becomes diurnal) that occur when the: moon is near Maximum | 
declination and the diurnal effect is most pronounced. A reference merely to “high! 
water” leaves some doubt as to the specific level referred to, for the height of high water} 
varies from day to day. Where the range is large, the variation during a 2-week | 
period may be considerable. 

As there are periodic and apparent secular trends in sea level, a specific 19-)ear! 
cycle (the National Tidal Datum Epoch) is issued for all United States datums. i 
The National Tidal Datum Epoch officially adopted by the National Ocean Survey. 
is presently 1941 through 1959. The Epoch will be reviewed for consideration for re- 
vision at 25-year intervals. 

3113. Observations and predictions.—Since the tide at different places responds 
differently to the tide-producing forces, the nature of the tide at any place can be 
determined most accurately by actual observation. The predictions in tide tables 
and the tidal data on nautical charts are based upon observations. 

Tides are usually observed by means of a continuously recording gage. A year © 
of observations is the minimum length desirable for determining the harmonic constants | 
used in prediction. For establishing mean sea level and the long-time changes in the | 
relative elevations of land and sea, as well as for other special uses, observations hav 
been made over periods of 20, 30, and even 120 years at important. locations. Observa- = 
tions for a month or less will establish the type of tide and suffice for comparison with a = 
longer series of a similar type to determine tidal differences and constants. : 

Mathematically, the variations in the lunar and solar tide-producing forces, such & 
as those due to changing phase, distance, and declination, are considered as separate p 
constituent forces, and the harmonic analysis of observations reveals the response of § 
each constituent of the tide to its corresponding force. At any one place this response & 
remains constant and is shown for each constituent by harmonic constants which are | 
in the form of e phase angle for the time relation and an amplitude for the height. j ; 
Harmonic constants are used in making technical studies of the tide and predictions on 
computers and mechanical tide predicting machines. Most published tide predictions} 
are made by computer. i 

3114. Tide tables are published annually by most of the maritime nations of the | 
world. They consisi primarily of two parts. One contains predictions of the time and } 
height of each high and low water for every day of the year for many important ports; _ 
called reference stations. The other part contains tidal differences and ratios for thou- | ~ 
sands of other places, called subordinate stations, and specifies the reference station to . 
which the differences are to be applied in order to obtain t' ne and height of tide for any , 
day at the subordinate station. The type of tide at a sub dinate station is the same as * 
at its reference station. The use of tide tables is explained in articles 1203-1206. 

3115. Meteorological effects —The foregoing discussion of tide behavior assumes 
normal weather conditions. The level of the sea is affected by wind and atmospheric | 
pressure. In general, onshore winds raise the level and offshore winds lower it, but the | 
amount of change varies at different places. During periods of low atmospheric pres- ; 
sure, the water level tends to be higher than normal. For a stationary low, the increase | 
in elevation can be found by the formula r 
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Ro=0.0325(1010—P), 


in which Ro is the increase in elevation in feet, and P is the atmospheric pressure in 
millibars. This is equal approximately to 1 centimeter per millibar depression, or 
1 foot (13.6 inches) per inch depression. For a moving low, the increase in elevation 
is given by the formula 


{== 


gh 


in which R is the increase in elevation in feet, Ry is the increase in feet for a stationary 
low, C is the rate of motion of the low in feet per second, g is the acceleration due to 
gravity (32.2 feet per second per second), and h is the depth of water in feet. 

Where the range of tide is very small, the meteorological effect may sometimes be 
greater than the normal tide. 


Tidal Current 


3116. Tidal and nontidal currents.—Horizontal movement of the water is current. 
It may be classified as ‘tidal’? and “nontidal.” Tidal current is the periodic horizontal 
flow of water accompanying the rise and fall of the tide, and results from the same cause. 
Nontidal current is any current not due to the tidal movement. Nontidal currents in- 
clude the permanent currents in the general circulatory system of the oceans as weli 
as temporary currents arising from meteorological conditions. The currert experienced 
at any time is usually a combination of tidal and nontidal currents. 

In navigation, the effect of the tidal current is often of more importance than the 
changing depth due to the tide, and many mariners speak of “the tide,” when they 
have in mind the flow of the tidal current. 

3117. General features.—Offshore, where the direction of flow is not restricted 
by any barriers, the tidal current is rotary; that is, it flows continuously, with the direc- 
tion changing through all points of the compass during the tidal period. The tendency 
for the rotation in direction has its origin in the deflecting force of the earth’s rotation, 
and unless modified by local conditions, the change is clockwise in the Northern Hemi- 
sphere and counterclockwise in the Southern Hemisphere. The speed usually varies 
throughout the tidal cycle, passing through two maximums in approximately opposite 
directions, and two minimums about halfway between the maximums in time and 
direction. Rotary currents can be depicted as in figure 3117a, by a series of arrows 
representing the direction and speed of the current at each hour. This is sometimes 
called a current rose. Because of the elliptical pattern formed by the ends of the arrows, 
it is also referred to as a current ellipse. 

In rivers or straits, or where the direction of flow is more or less restricted to certain 
channels, the tidal current is reversing; that is, it flows alternately in approximately 
opposite directions with an instant or short period of little or no current, called slack 
water, at each reversal of the current. During the flow in each direction, the speed varies 
from zero at the time of slack water to a maximum, called strength of flood or ebb, 
about midway between the slacks. Reversing currents can be indicated graphically, as 
in figure 3117b, by arrows that represent the speed of the current at each hour. The 
flood is usually depicted above the slack waterline and the ebb below it. The tidal 
current curve formed by the ends of the arrows has the same characteristic sine form 
as the tide curve. (In illustrations for certain purposes, as in figures 311Sb and 3120b, 
it is convenient to omit the arrows and show only the curve.) 
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Figure 3117a.—Rotary tidal current. 31206) Sez feute Sea Spans 


Times are hours before and after high 
and low tide at Nantucket Shoals 
Lightship. The bearing and length of 
each arrow represents the hourly 
direction and speed of the current. 
See figure 3120a. 


A slight departure frem the sine form is exhibited by the reversing current in a i 
strait, such as East River, New York, that connects two tidal bodies of water. The § 
tides at the two ends of a strait are seldoin in phase or equal in range, and the current, 
called hydraulic current, is generated largely by the continuously changing difference 

ion in height of water at the two ends. The speed of a hydraulic current varies nearly 
as the square root of the difference in height. The speed reaches a maximum more 
quickly and remains at strength for a longer period than shown in figure 3117b, and 
the period of weak current near the time of slack is considerably shortened. 
The current direction or set is the direction toward which the current flows. The 
= speed is sometimes called the drift. The term “velocity” is often used as the equivalent 
S of “speed” when referring to current, although strictly “velocity” implies direction as 
well as speed. The term “strength” is also used to refer to speed, but more often to 
greatest speed between consecutive slack waters. The movement toward shore or up- 
stream is the flood, the movement away from shore or downstream is the ebb. In a 
purely semidiurnal tyre of current unaffected by nontidal flow, the flood and ebb each | 
last about 6 hours and 13 minutes. But if there is either diurnal inequality or non- . 
tidal flow, the durations of flood and ebb may be quite unequal. 
3118. Types of tidal current.—Tidal currents may be of the semidiernal, diurnal, 
or mixed type; corresponding to a considerable degree to the type of tide at the place, 
but often with a stronger semidiurnal tendency. : 
The tidal currents in tidal estuaries along the Atlentic coast of the United States , 
are examples of the semidiurnal type of reversing current. At Mobile Bay entrance 
they are almost purely diurnal. At most places, however, the type is mixed to a greater 
or lesser degree. At Tampa and Galveston entrances there is only one flood and one _ 
ee ebb each day when the moon is near its maximum declination, and two floods and two . 
ebbs each day when the moon is near the equator. Along the Pacific coast of the United 
States there are generally two floods and two ebbs every day, but one of the floods or 
ebbs has a greater speed and longer duration than the other, the inequality varying 
} with the declination of the moon. The inequalities in the current often differ consider- | - ~~ 
ao : ably from place to place even within limited areas, such as adjacent passages in Puget 
Sound and various passages between the Aleutian Islands. Figure 3118a shows several ee 
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types of reversing current. Figure 3118b shows how the flooc pears es the diurnal 
inequality increases at one station. 

Offshore rotary currents that are purely semidiurna! r- eat che ellipt’ al pattern 
(fig. 31172) each tidal cycle of 12 hours and 25 minutes. 1 there is consid .able diurnal 
inequality, the plotted hourly current arrows describe a set co two zs of different 
sizes during a period of 24 hours and 50 minutes, as shown in figure 3.18c, and the greater 
the diurnal inequality, the greater the difference between the sizes of the two ellipses. 
In a completely diurnal rotary current, the smaller ellipse disappears and only one 
ellipse is produced in 24 hours and 50 minutes. 

3119. Variations and cycles.—Tidal curzcuts have periods and cycles similar to 
those of the tides (art. 3109) and are subject to similar variations, but flood and ebb 
of the currer’ do not necessarily occur at the same times as the rise and fall of the tide. 
The relationship is explained further in article 3121. 

The speed at strength increases and decreases during the 2-week period, month, 
and year with the variations in the range of tide. Thus, the stronger spring and perigean 
currents occur near the times of new and full moon and near the times of the moon’s 
perigee, or at times of spring and perigean tides (art. 3108) ; the weaker neap and apogean 
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Figure 3118a.—Several types of reversing current. The pattern changes gradually from day to day, 
particularly for mixed types, passing through cycles somewhat similar to that shown for tides 


in figure 3106. 
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Figure 3118b.—Changes in a current of the mixed type. Note that each day as the inequality 
increases, the morning slacks draw together in time until on the 17th the morning flood disap- 
pears. On that day the current ebbs throughout the morning. 
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Fictrr 311$c—Roatary tidal curre:t with diurnal inequality. Times are in hours referred to tides 
(higher high, lower low, lower high, and higher low) at Swiftsure Bank. 


currents occur at the times of neap and apogean tides; tropic currents with increased 
diurnal speeds or with larger diurnal inequalities in speed occur at times of tropic 
tides; and equatorial currents with a minimum diurnal effect occur at times of equa- 
torial tides; etc. 

As with the tide, a mean value represents an average obtained from a 19-year 
series. Since a series of current observations is usually limited to a few days, and seldom 
covers more than a month or two, it is necessary to adjust the observed values, usually 
by comparison with tides at a nearby place, to obtain such a mean. 

3129. Effect of nontidal flow.—The current existing at any time is seldom purely 
tidal, but usually inciudes also a nontidal current. that is due to drainage, oceanic 
circulation, wind, or other cause. The method in which tidal and nontida! currents 
combine is best explained graphically, as in figures 3120a and 3120b. The pattern of the 
tidal current. remains unchanged, but the curve is shifted from the point or line from 
which the currents are measured in the direction of the nontidal current and by an 
amount equal to it. It is sometimes more convenient graphically merely to move the 
line or point of origin in the oppesite direction. 
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Thus, the speed of the current flowing in the direction of the nontidal current is 
increased by at: amount equal to the megnitude of the nontidal current, and the speed 
of the current flowing in the opposite direction is decreased by an equal amount. In 
Secure 3120a 2 nontidal current is represented both in direction and speed by the vecter 
AO. Since this is greater than the speed .. the tidal current in the opposite direction, 
the point A is outside the ellipse. The direction and speed of the combined tidal and 
nontidal currents at any time is represented by a vector from A to that point on the 
curve representing the given time, and can be scaled from the graph. The strongest 
and weakest currents may no longer be in the directions cf the maximum and 
minimum of the tidal current. In a reversing current (fig. 3120b), the effect is to 
advance the time of one slack and to retard the following one. If the speed of the non- 
tidal current exceeds that of the reversing tidal current, the resultant current flows 

cuntinuously in one direction without coming to a slack. In this case, the speed 
vanes frem a maximum to a minimum and back to a maximum in each tidal cycle. 
In figure 3120b the horizontal! line 4 represents slack water if only tidal currents are 
present. Line B represents the effect of a 0.5-knot nontidal ebb, and line C the effect 
of a 1.6-knot nontidal ebb. With the condition shown at C there is enly one flood each 
tidal day. If the nontidal ebb were to increase to approximately 2 knots, there would 
be no flood, two maximum ebbs and two minimum ebbs occurring during a tidal day. 
3121. Relation between time of tidal current and time of tide——At many places 
where current and tide are both semidiurnal, there is a definite relation between times 
of current and times cf high and low water in the locality. Current atiases and notes on 
. nautical charts often make use of this relationship by presenting for particular locations 
the directicn end speed of the current at each succeeding hour aiter high and low water 
ata place for which tide predictions are available. 


In localities where there is considerable diurnal inequality in tide or current, or 


where the type of current differs from the type of tide, the relationship is not constant, 
and it may be hazardous to try to predict the times of current from times of tide. 


2 2 6 8 10 12 14 i6 18 20 22 
HOU 


ADMIRALTY INLET. 


Ficctre 3120b.—Effec. of nontidal 
current on the reversing tidal 
current of figure 3117b. If the 
nontidal current is 0.5 knot in the 




















Ficure 3120a.—Effect of nontidal 
current on the rotat> tidal current 
of figure 3liva. lf the nontidal 
current is northwes: at 0.3 knot. it 
may be represented by BO, and all 
hourly directions and eds will 
then be measured from B. if *t is 
1.0 knot. it will be represented by 
AO and the actual resultant hourly 
directions and st--eds will be meas- 
ured from A, as shown by the 
arrows. 


ebb direction, the ebb is increased 
by moving the slack water line 
from position A up 0.5 knot to 
position B. Speeds will then be 
measured from this broken line as 
shown by the scale on the right, 
and times of slack are changed. 
If the nontidal current is 1.0 knot 
in the ebb direction, as shown by 
line C. the are as shown on 
the left. end the current will not 
reverse to a flood in the afternoon; 
it a merel; slacken at about 
1500. 
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Note the current curve for Unimak Pass in the Aleutians in figure 3118a. It shows | 
the current as predicted in the tidal current tables. Predictions of high and:low waters | 
in the tide tables might have led one to expect the current to change from flood to ebb | 
in the late morning, whereas actually the current continued to run flood with some | 
strength at that time. 

Since the relationship between ti~.2s of tidal current and tide is not carvaliere: 
the same, and may be variable at the same place, one should exercise extreme caution 
in using general rules. The belief that slacks occur at local high and low tides and that 
the maximum flood and ebb occur when the tide is rising or falling most rapidly may be- 
approximately true at the seaward entrance to, and in the upper reaches of, an inland 
tidal waterway. But generally this is not true in other parts of inland waterways. 
When sn inland weterway is extensive or its entrance constricted, the slacks in some 
parts of the waterway often occur midway between the times of high and low tide. 
Usually in such waterways the relationship changes from place to place as one pro- 
gresses upstream, slack water getting progressively closer in time to the local tide 
maximum until at the head of tidewater (the inland limit of water affected by a tide) 
the slacks occur at about the times of high and low tide. 

3122. Relation between speed of current and range of tide—The variation in | 
the speed of the tidal current from place to place is not necessarily consistent with the | 
range of tide. It may be the reverse. For example, currents are weak in the Gulf of | 
Maine where the tides are large, and strong near Nantucket Island and in Nantucket | 
Sound where the tides are small. 

At any one place, however, the speed of the current at strength of flood and 
ebb varies during the month in about the same proportion as the range of tide, and 
one can use this relationship to determine the relative strength of currents on any day. 

3123. Variation across an estuary.—In inland tidal waterways the time of tidal 
current varies acruss the channel from shore to shore. On the average, the current 
turns earlier near shore than in midstreum, where the speed is greater. Differences of 
half an hour to an hour are not uncommon, but the difference varies and the relationship 
may be nullified by the effect of nontidal flow. 

The speed of the current also varies across the channel, usually being greater in 
midstream or midchannel than near shore, but in a winding river or channel the strongest 
currents occur near the concave shore. Near the opposite (convex) shore the currents 
are weak or may eddy. 

3124. Variation with depth—In tidal rivers the subsurface current acting on the 
lower portion of the hull may differ considerably from the surface current. An ap- 
preciable subsurface current may be present when the surface movement appears to be 
practically slack, and the subsurface current may even be flowing with appreciable 
speed in the opposite direction to the surface current. 

In a tidal estuary, particularly in the lower reaches where there is considerable 
difference in density from top to bottom, flood usually begins earlier near the bottom 
than at the surface. The differences may be an hour or two or as little as a few minutes, ° 
depending upon the estuary, the location in the estuary, and freshet conditions. Even 
when the freshwater runoff becomes so great as to prevent the surface current from 
flooding, it may still flood below the surface. The difference in time of ebb from surface 
to bottom is normally small but subject to variation with time and location. i 

The ebb speed at strength usually decreases gradually from top to bottom, but 
the speed of flood at strength often is stronger at subsurface depths than at the surface. 

3125. Observations.—-Observations of the current are made by means of a current 


5 ru 


meter ur current pole and log line. In the past, most successful meters required a vessel “~... 


and observers in continual attendance, as is necessary with the pole and line. Because 
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of the difficulty and expense of such observations, they usually covered only a period 
of a day or two at a plece. Observations of a month are the exception, and longer 
series were obtained only where ship and observers were available because of other 
duties, such as at lightships, where observations have been continued over a number of 
years. 
Newer meters have been and are being developed that are suspended from a buoy 
_ and that record either in the buoy or send :,2ed end direction impulses by radio to 
base station on ship or fand. With them, the period of observation has been increased 
so that in some recent surveys of United States harbors, the minimum period of ob- 
servation was 1 week, with observations at several stations being continued over a 
period of 1 to 6 months. 

3126. Tidal current tables and other sources of information—The navigator 
should not attempt to predict, currents without specific information for the locality in 
which he is interested. Such information is contained in various forms in many navi- 
gational publications. 

Tidal current tables, issued annually, list daily predictions of the times and 
strengths of flood and ebb currents, and of the times of intervening slacks or minima. 
Due to lack of observational data, coverage is considerably more limited than for the 
tides. The tidal current tables do include supplemental data by which tidal current 

_predictions can be determined for many places in addition to those for which daily 

predictions are given. The predictions are made by computers, using current harmonic 
; constants that are obtained by analyzing current cbservations in the same manner as 
. for tides (art. 3118). The use of tidal current tables is explained in articles 1207-1210. 
: Sailing directions and coast pilots issued by maritime nations include general 
- descriptions of current behavior in various localities throughout the world. 

Tidal current charts. A number of important harbors and waterways are covered 
by sets of tidal current charts showing graphically the hourly current movement. 

: Tidal Current Diagrams are a series of monthly diagrams used with the tidal 


current charts. The diagrams directly indicate the chart to use and the speed correction 
factor to apply to each chart. 


The use of tables and charts for tide and current predictions is discussed in chapter 
XI. 
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3201. Introduction—The movement of water comprising the oceans is one of the: 
principal sources of discrepancy between dead reckoning and actual positions of vessels. § 
Water in essentially horizontal motion is called a current, the direction toward which it; 
moves being the set, and its speed the drift. A well-defined current extending over a! 
considerable region of the ocean is called an ocean current. | 

A periodic current is one the speed or direction of which changes cyclically at 
somewhat regular intervals, as a tidal current. A seasonal current is one which has! 
large changes i in speed or direction due to seasonal winds. A permanent current is one} 
which experiences relatively little periodic or seasonal change. 

A coastal current flows roughly parallel to a coast, outside the surf zone, while 
longshore current is one parallel to a shore, inside the surf zone, and generated by waves § 
striking the beach at an angle. Any current some distance from the shore may be] 
called an offshore current, and one close to the shore an inshore current. : 

A surface current is ono present at the surface, particularly one that does not ex- 4 
tend more than a relatively few feet below the surface. A subsurface current is ones 
which is present below the surface only. ‘ 

There is evidence to indicate that the strongest ocean currents consist of relatively § 
narrow, high-speed streams that follow winding, shifting courses. Often associated & 
with these currents are secondary countercurrents flowing adjacent to them but in thes 
opposite direction, and somewhat local, roughly circular, eddy currents. A relatively 4 
narrow, deep, fast-moving current is sometimes called a stream current, and a broad, @ 
shallow, slow-moving one a drift current. i 

3202. Causes of ocean currents.—Although man’s knowledge of the processes § 
which produce and maintain ocean currents is far from compiete, he does have a 
general understanding of the principal factors involved. The primary generating forces 
are wind and the density differences in the water. In addition, such factors as depth of 
water, underwater topography, shape of the basin in which the current is running, 
extent and location of land, and deflection by the rotation of the earth all affect the 
oceanic circulation. 

3203. Wind currents.—The stress of wind blowing across the sea causes the surface 
layer of water to move. This motion is transmitted to each succeeding layer below 
the surface, but due to internal friction within the water, the rate of motion decreases 
with depth. The current is called Ekman wind current or simply wind current. Although | 
there aro many variables, it is generally true that a steady wind for about 12 hours is! 
needed to establish such a current. 

A wind-driven current does not flow in the direction of the wind, being deflected by 
Coriolis force, (art. 3803), due to rotation of the earth. This deflection is toward the 
right in the Northern Hemisphere, and toward the left in the Southern Hemisphere. The 
Coriolis force is greater in higher latitudes, and is more effective in deep water. In gen- 
eral, the difference between wind direction and surface wind-current direction varies 
from about 15° along shallow coastel areas to a maximum of 45° in the deep oceans. 
As the motion is transmitted to successive deoper layers, the Coriolis fores con- 
tinues to deflect the current. At several hundred fathoms the current may flow in the 
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- opposite direction to the surface current. This shift of current directions with depth 
-combined with the decrease in velocity with depth is called the Ekman spiral. 

The speed of the current depends upon the speed of the wind, its constancy, the 
‘length of time it has blown, and other factors. In general, however, about 2 percent 
“of the wind speed, or a little less, is a good average for deep water where the wind has 

been blowing steadily for at least 12 hours. 

3204. Currents related to density differences.—As indicated in article 3009, the 
density of water varies with salinity, temperature, and pressure. At any given depth, 
the differences in density are due to differences in temperature and salinity. When 
suitable information is available, a map showing geographical density distribution at 
a certain depth could be drawn, with :ines connecting points of equal density. These 
isopycnic lines, or lines connecting points at which a given density occurs at the same 
depth, would be similar to isobars on a weather map (art. 3827), and would serve 
an analogous purpose, showing areas of high density and those of low density. In an 
area of high density, the water surface is lower than in an area of low density, the max- 
imum difference in height being of the order of 1 to 2 feet in 40 miles. Because 
of this difference, water tends to flow from an area of higher water (low density) to 
one of lower water (high density), but due to rotation of the earth, it is deflected 
toward the right in the Northern Hemisphere, and toward the left in the Southern 
Hemisphere. Thus, o circulation is set up similar to the cyclonic and anticyclonic 
circulation in the atraosphere. The greater the density gradient (rate of change with 
distance), the faster the related current. 

8205. Oceanic circulation —A number of ocean currents flow with great persist- 
ence, setting up a circulation that continues with relatively little change throughout 
the year. Because of the influence of wind in creating current (art. 3203), there is a 
relationship between this oceanic circulation and the general circulation of the atmos- 
phere (art. 3804). The oceanic circulation is shown in figure 3205, with the names of 
the major ocean currents. Some differences in opinion exist regarding the names and 
limits of some of the currents, but those shown are repr.sentative. The spacing of the 
lines is a general indication of speed, but conditions vary somewhat with the season. 
This is particularly noticeable in the Indian Ocean and along the South China coast, 
where currents are influenced to a marked degree by the monsoons (art. 3810). 

3206. Atlantic Ocean currents.—The trade winds (art. 3806), which blow with 
great persistence, set up a system of equatovial currents which at times extends over 
as much as 50° of latitude, or even more. There are two westerly flowing currents 
conforming generally with the areas of trade winds, separated by a weaker, easterly 
flowing countercurrent. : 

The North Equatorial Current originates to the northward of the Cape Verde 
Islands and flows almost due west at an average speed of about 0.7 knot. 

The South Equatorial Current is more extensive. It starts off the west coast of 
Africa, south of the Gulf of Guines, and flows in a generally westerly direction at an 
average speed of about 0.6 knot. However, the speed gradually increases until it may 
reach a value of 2.5 knots or more off the east coast of South America. As the current 
approaches Cabo de Séo Roque, the eastern extremity of South America, it divides, the 
southern part curving towar¢ the south along the coast of Brazil, and the northern 
part being deflected by the ecntinent of Soutl, America toward the north. 

Between the North and South Equatorial Currents a weaker Equatorial Counter- 
current sets toward the east in the general vicinity of the doldrums (art. 3805). This 
is fed by water from the two westerly flowing equatorial currents, particularly the 
South Equatorial Current. The extent and strength of the Equatorial Countercurrent 
changes with the seasonal variations of the wind. It reaches a maximum during July 
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and August, when it extends from about 50° west longitude to the Gulf of Guinea. 
During its minimum, in December and January, it is of very limited extent, the western 
portion disappearing altogether. 

That part of the South Equatorial Current flowing along the northern coast of 
South America which does not feed the Equatorial Countercurrent unites with the North 
Equatorial Current at a point west of the Equatorial Countercurrent. A large part of 
the combined current flows through various passages between the Windward Islands, 
into the Caribbean Sea. It sets toward the west, and then somewhat north of west, 
finally arriving off the Yucatan peninsula. From here, some of the water curves toward 
the right, flowing some distance off the shore of the Gulf of Mexico, and part of it 
curves more sharply toward the east and flows directly toward the north coast of 
Cuba. These two parts reunite in the Straits of Florida to form the most. remarkable 
of all ocean currents, the Gulf Stream. Off the southeast coast of Florida this current 


‘ is augmented by a current flowing along the northern coasts of Puerto Rico, Hispaniola, 


nm 


and Cuba. Another current flowing eastward of the Bahamas joins the stream north 
of these islands. 

The Gulf Stream follows generally along the east coast of North America, flowing 
around Florida, northward and then northeastward toward Cape Hatteras, and then 
curving toward the east and becoming broader and slower. After passing the Grand 
Banks, it turns more toward the north and becomes a broad drift current flowing across 
the North Atlantic. That part in the Straits of Florida is sometimes called the Florida 


. Current. 


A tremendous volume of water flows northward in the Gulf Stream. It can be 
distinguished by its deep indigo-blue color, which contrasts sharply with the dull 


‘ green of the surrounding water. It is accompanied by frequent squalls. When the 


Gulf Stream encounters the cold water of the Labrador Current, principally in the 
vicinity of tte Grand Banks, there is little mixing of the waters. Instead, the junction 
is marked hy a sharp change in temperature. The line or surface along which this 
occurs is cal ed the cold wall. When the warm Gulf Stream water encounters cold air, 
evaporation is so rapid that the rising vapor may be visible as frost smoke (art. 3815). 
The stream ca:zies large quantities of gulfweed from the Tropics to higher latitudes. 

Recent investigations have shown that the current itself is much narrower and 
faster than previously supposed, and considerably more variable in its position and 
speed. The maximum current off Florida ranges from about 2 to 4 knots. To 


the northward the speed is generally less, and decreases further after the current passes. 
Cape Hatteras. As the stream meanders and shifts position, eddies sometimes break, 


off and continue as separate, circular flows unti! they dissipate. Boats in the Bermuda 
Race heve been known to be within sight of each other and be carried in opposite 
directions by different parts of the same current. As the current shifts position, its 
extent does not always coincide with the area of warm, blue water. When the sea is 
relatively smooth, the edges of the current ure marked by ripples. 

Information is not yet available to permit prediction of the position and speed of 


: the current at any future time, but it has been found that tidal forces apparently 


influence the current, which reaches its daily maximum speed about 3 hours after 
transit of the moon. The current generally is faster at the time of neap tides than at 
spring tides. When the moon is over the equator, the stream is narrower and faster 
than at maximum northerly or southerly declination. Variations in the trade winds 
(art. 3806) also effect the current. 

As the Gulf Stream continues eastward and northeastward beyond the Grand 
Banks, it gradually widens and decreases speed until it becomes a vast, slow-moving 
drift current known as the North Atlantic Current, in the general vicinity of the pre- 
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vailing westerlies (art. 3808). In the eastern part of the At. tic it divides-into the 
Northeast Drift Current and the Southeast Drift Current. 

The Northeast Drift Current continues in a generally northeasterly direction 
toward the Norwegian Sea. As it does so, it continues to widen and decrease speed. | 
South of Iceland it branches to form the Irminger Current and the Norway Current. 
The Irminger Current curves toward the north and northwest to join the East Greenland 
Current southwest of Iceland. The Norway Current continues in a northeasterly | 
direction along the coast of Norway. Part of it, the North Cape Current, rounds North © 
Cape into the Barents Sea. The other part curves toward the north and becomes known 
as the Spitsbergen Current. Before reaching Svalbard (Spitsbergen), it curves toward 
: the west and joins the cold East Greenland Current flowing southward in the Greenland ; 
a ‘ Sea. As this current flows past Iceland, it is further augmented by the Irminger Current. . 
E Off Kap Farvel, at the southern tip of Greeniend, the East Greenland Current : 


curves sharply to the northwest following the coastline. As it does so, it becomes known | j 
as the West Greenland Current. This current continues along the west coast of Green-, 
land, through, Davis Strait, and into Baffin Bay. Both East and West Greenland | 
Currents are sometimes known by the single name Greenland Current. 

In Baffin Bay the Greenland Current follows generally the coast, curving westwaad | i 
off Kap York to form the southerly flowing Labrador Current. This co!d current flows § 
southward off the coast of Baffin Island, through Davis Strait, along the coast of § i 
Labrador and Newfoundland, to the Grand Banks, carrying with it large quantities 
of ice (ch. XXXVI). Here it encounters the warm water of the Gulf Stream, creating § 
the “cold wall.” Some of the cold water flows southward along the east coast of North | 
America, inshore of the Gulf Stream, as far as Cape Hatteras. The remainder curves @ 
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Drift Currents, gradually merging with hem. 


eastern Europe and the Canary Islands, where it continues as the Canary Current. 


summer, ic is strengthened by monsoon winds. It flows in close proximity to the South 
Equatorial Current, but in the opposite direction. As it curves toward the south, 
still following the African coast, it merges with the South Equatorial Current. 

The clockwise circulation of the North Atlantic leaves a large central area having 
no well-defined currents. This area is known as the Sargasso Sea, from the large 
quantities of sargasso or gulfweed encountered there. 

That branch of the South Equatorial Current which curves toward the south ofl 
the east coast of South America follows the coast as the warm, highly-saline Brazil 
Current, which in some respects resembles the Gulf Stream. Off Uruguay, it encounters 
the colder, less-salty Falkland Current and the two curve toward the east to form the 
broad, slow-moving South Atlantic Current, in the general vicinity of the prevailing 
westerlies (art. 3808). This current flows eastward to a point west of the Cape of Good 


southern part of Africa from the Indian Ocean. As it continues northward, the current 
gradually widens and slows. At a point east of St. Helena Island it curves westward to 
continue as part of the South Equatorial Current, thus completing the counterclockwise 











toward the east and flows along the nc~thern edge of the North Atlantic and Northzast = 


The Southeast Drift Current curves toward the east, southeast, and then south : 
as it is deflected by the coast of Europe. It flows past the Bay of Biscay, toward south- s 


In the vicinity of the Cape Verde Islands, this current divides, part of it curving toward & 
the west to help form the North Equatorial Current, and part of it curving toward the 3 
east to follow the coast of Africa into the Gulf of Guinea, where it is known as the | 
Guinea Current. This current is augmented by the Equatorial Countercurrent and, in | 


Hope, where it curves northward to follow the west coast of Africa as the strong Ben- : 
guela Current, augmented somewhat by part of the Agulhas Current flowing around the + 





circulation of the South Atlantic. The Benguele Current is augmented somewhat by the — 
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West Wind Drift, a current which flows easterly around Antarctica. As the West Wind 
_ Drift flows past Cape Horn, that part in the immediate vicinity of the cape is called the 
* Cape Horn Current. This current rounds the cape and flows in a northerly and north- 
easterly direction along the coast of South America as the Falkland Current. 

3207. Pacific Ocean currents follow the general pattern of those in the Atlantic. 
The North Equatorial Current flows westward in the general area of the northeast 
trades, and the Soath Equatorial Current follows a similar path in the region of the 
southeast trades. Between these two, the weaker Equatorial Countercurrent sets toward 
the east, just north of the equator. 

After passing the Mariana Islands, the major part of the North Equatorial Current 
curves somewhat toward the northwest, past the Philippines and Formosa. Here it is 
deflected further toward the north, where it becomes known as the Kuroshio, and then 
toward the northeast past the Nansei Shoto and Japan, and on in a more easterly 
direction. Part of the Kuroshio, called the Tsushima Current, flows through Tsushima 
Strait, between Japan and Korea, and the Sea of Japan, following generally the north- 
west coast of Japan. North of Japan it curves eastward and then southeastward to 
rejoin the main part of the Kuroshio. The limits and volume of the Kuroshio are in- 
fluenced by the monsoons (art. 3810), being augmented during the season of southwest- 
erly winds, and diminished when the northeasterly winds are prevalent. 

The Kuroshio (Japanese for “Black Stream’’) is so named because of the dark 
color of its water. It is sometimes celled the Japan Stream. In many respects it is 
similar to the Gulf Stream of the Atlantic. Like that current, it carries large quantities 
of warm tropica: water to higher latitudes, and then curves toward the east as a major 
part of the genera! clockwise circulation in the Northern Hemisphere. As it does so, 
it widens and slows. A small part of it curves to the right to form a weak clockwise 
circulation west of the Hawaiian Islands. The major portion continues on between 
the Aleutians and the Hawaiian Islands, where it becomes known as the North Pacific 
Current. . 

As this current approaches the North American continent, most of it is deflected 
toward the right to form a clockwise circulation between the west coast of North 
America and the Hawaiian Islands. This part of the current has become so broad that 
the circulation is generally weak. A small part near the coast, however, joins the 
southern branch of the Aleutian Current, and flows southeastward as the California 
Current. The average speed of this current is about 0.8 knot. It is strongest near 
land. Near the southern end of Baja (Lower) California, this current curves sharply 
to the west and broadens to form the major portion of the North Equatorial Current. 

During the winter, a weak countercurrent flows northwestward along the west 
coast of North America from southern California to Vancouver Island, inshore of the 
southeasterly flowing California Current. This is called the Davidson Current. 

Off the west coast of Mexico, south of Baja California, the current flows south- 
eastward, as a continuation of part of the California Current, during the winter. During 
the summer, the current in this area is northwestward, as a continuation of the 
Equatorial Countercurrent, before it turns westward to help form the North Equatorial 
Current. 

As in che Atlantic, there is in the Pacific a counterclockwise circulation to the 
north of the clockwise circulation. Cold water flowing southward through the western 
part of Bering Strait between Alaska and Siberia is joined by water circulating counter- 
clockwise in the Bering Sea to form the Oyashio. As the current leaves the strait, it 
curves toward the right and flows southwesterly along the coast of Siberia and the 
Kuril Islands. This current brings quantities of sea ice, but no icebergs. When it 
encounters the Kuroshio, the Oyashio curves southward and then eastward, the greater 
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portion joining the Kuroshio and North Pacific Current. The northern portion continues 
eastward to join the curving Aleutian Current. ‘ 

As this current approaches the west coast of North America, west of Vancouver 
Island, part of it curves toward the right and is joined by water from the North Pacific 
Current, to form the California Current. The northern branch of the Aleutian Current 


curves in a counterclockwise direction to form the Alaska Current, which generally | 


follows the coast of Canada and Alaska. When it arrives off the Aleutian Islands, it 
becomes known as the Aleutian Current. Part of it flows along the southern side of 
these islands to about the 180th meridian, where it curves in a counterclockwise 
direction and becomes an easterly flowing current, being augmented by the northern 
part of the Oyashio. The other part of the Aleutian Current flows through various 
openings between the Aleutian Islands, into the Bering Sea. Here it flows in a general 
counterclockwise direction, most of it finally joining the southerly flowing Oyashio, 
and a small part of it flowing northward through the eastern side of the Bering Strait, 
into the Arctic Ocean. 


The South Equatorial Current, extending in width between about 4°N latitude 
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and 10°S, flows westward from South America to the western Pacific. After this current . 


crosses the 180th meridian, the major part curves in a counterclockwise direction, 
entering the Coral Sea, and then curving more sharply toward the south along the 
east coast of Australia, where it is known as the East Australia Current. In the Tasman 
Sea, northeast of Tasmania, it is augmented by water from the West Wind Drift, 
flowing eastward south of Australia. It curves toward the southeast and then the east, 
gradually merging with the easterly flowing West Wind Drift, a broad, slow-moving 
current that circles Antarctica. 

Near the southern extremity of South America, most of this current flows east- 
ward into the Atlantic, but part of it curves toward the left and flows generally north- 
ward along the west coast of South America as the Peru Current or Humboldt Current. 
Occasionally a set directly toward land is encountered. At about Cabo Blanco, where the 
coast falls away to the right, the current curves toward the left, past the Galapagos 
Islands, where it takes a westerly set and constitutes the major portion of the South 
Equatorial Current, thus completing the counterclockwise circulation of the South 
Pacific. 

During the northern hemisphere summer, a weak northern branch of the South 
Equatorial Current, known as the Kossel Current, continues on toward the west and 
northwest along both the southern and northeastern coasts of New Guinea. The 
southern part flows through Torres Strait, between New Guinee and Australia, into 
the Arafura Sea. Here, it gradually loses its identity, part of it flowing on toward the 
west as part of the South Equatoriel Current of the Indian Ocean, and part of it fol- 
lowing the coast of Australia and finally joining the easterly flowing West Wind Drift. 
The northern part of the Rossel Current curves in a clockwise direction to help form 
the Pacific Equatorial Countercurrent. During the northern hemisphere winter, the 
Rossel Current is replaced by an easterly flowing current from the Indian Ocean. 

3208. Indian Ocean currents follow generally the pattern of the Atlantic and 
Pacific but with differences caused principally by the monsoons (art. 3810) and the 
more limited extent of water in the Northern Hemisphere. During the northern hemi- 
sphere winter, the North Equatorial Current and South Equatorial Current flow toward 
the west, with the weaker, casterly flowing Equatorial Countercurrent flowing between 
them, as in the Atlantic and Pacific (but somewhat south of the equator). But during the 
northern hemisphere summer, both the North Equatorial Current and the Equatorial 
Countercurrent are replaced by the Monsoon Current, which flows eastward and 
southeastward across the Arabian Sea and the Bay of Bengal. Near Sumatra, this 
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current curves in a clockwise direction and flows westward, augmenting the South 
Equatorial Current and setting up a clockwise circulation in the northern part of the 
Indian Ocean. 

As the South Equatorial Current approaches the coast of Africa, it curves toward 
the southwest, part of it owing through the Mozambique Channel between Madagascar 
and the mainland, and part flowing along the east coast of Madagascar. At the southern 
end of this island the two join to form the strong Agulhas Current, which is analogous 
to the Gulf Stream. 

A small part of the Aguilhas Current rounds the southern end of Africa and helps 
form the Benguela Current. The major portion, however, curves sharply southward and 
then e*stward to join the West Wind Drift. This junction is often marked by a broken 
and confused sea. During the northern hemisphere winter the northern part of this 
current curves in a counterclockwise direction to form the West Australia Current, 
which flows northward along the west coast of Australia. As it passes Northwest Cape, 
it curves northwestward to help form the South Equatorial Current. During the north- 
ern hemisphere summer, the West Australia Current is replaced by a weak current 
flowing around the western part of Australia as an extension of the southern branch 
of the Rossel Current. 

3209. Polar currents.—The waters of the North Atlantic enter the Arctic Ocean 
between Norway and Svalbard. The currents flow easterly north of Siberia to the 
region of the Novosibirskiye Ostrova, where they turn northerly across the North Pole 


* and continue down the Greenland coast to form the East Greenland Current. On the 
American side of the arctic basin, there is a weak, continuous clockwise flow centered 
- in the vicinity of 80°N, 150°W. A current north through Bering Strait along the 


American coast is balanced by an outward southerly flow along the Siberian coast, 
which eventually becomes part of the Oyashio. Each of the main islands or island 
groups in the Arctic, as far as is known, seems to have a clockwise nearshore circulation 
around it. The Barents Sea, Kara Sea, and Laptev Sea each have a weak counter- 
clockwise circulation. A similar but weaker counterclockwise current system appears 
to exist in the East Siberian Sea. 

In the Antarctic, the circulation is generally from west to east in a broad, slow- 
moving current extending completely around Antarctica. This is called the West Wind 
Drift, although it is formed partly by the strong westerly wind in this area and partly 
by density differences. This current is augmented by the Brazil and Falkland Cur- 
rents in the Atlantic, the East Australia Current in the Pacific, and the Aguihas Cur- 
rent in the Indian Ocean. In return, part of it curves northward to form the Cape Horn, 
Falkland, and most of the Benguela Currents in the Atlantic, the Peru Current in the 
Pacific, and west Australia Current in the Indian Ocean. 

3210. Ocean currents and climate——Many of the ocean currents exert a marked 
influence upon the climate of the coastal regions along which they flow. Thus, warm 
water from the Gulf Stream, continuing as the North Atlantic, Northeast Drift, and 
Irminger Currents, arrives off the southwest coast of Iceland, warming it to the extent 
that Reykjavik has a higher average winter temperature than New York City, far to the 
south. Great Britain and Labrador are about the same latitude, but the climate of 
Great Britain is much milder because of the difference of temperature of currents. The 
west coast of the United States is cooled in the summer by the California Current, and 
warmed in the winter by the Davidson Current. As a result of this condition, partly, 
the range of monthly average temperature is comparatively small. 

Currents exercise other influences besides those on temperature. The pressure 
pattern is affected materially, as air over a cold current contracts as it is cooled, and 
that over a warm current expands. As air cools above a cold ocean current, fog is 
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likely to form. Frost smoke (art. 3815) is most prevalent over a warm current which 
flows into # colder region. Evaporation is greater from warm water than from cold 
water. 

In these and other ways, the climate of the earth is closely associated with the 
ocean currents, although other factors, such as topography and prevailing winds, are | 
also important. 
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CHAPTER XXXII 
OCEAN WAVES 


3301. Introduction.—Undulations of the surface of the water, called waves, are 
perhaps the most widely observed phenomenon at sea, and possibly the least under- 
stood by the average seaman. The mariner equipped with a knowledge of the basic 
facts concerning waves is able to use them to his advantage, and either avoid hazardous 
conditions or operate with a minimum of danger if such conditions cannot be avoided. 

5 3302. Causes of waves.—Waves on the surface of the sea are caused principally 
: by wind, but other factors, such as submarine earthquakes, volcanic eruptions, and the 
tide, also cause waves. If a breeze of less than 2 knots starts to blow across smooth 
water, small wavelets called ripples form almost instantaneously. When the breeze 
. dies, the ripples disappear as suddenly as they formed, the level surface being restored 
by surface tension of the water. If the ‘wind speed exceeds 2 knots, more stable i 
gravity waves gradually form, and progress with the wind. i 
While the generating wind blows, the resulting waves may be referred to as sea. 1 
. When the wind stops or changes direction, the waves that continue on without relation i 
: to local winds are called swell. 
' ; Unlike wind and current, waves are not deflected appreciably by the rotation of : 
| 


































the earth, but move in the direction in which the generating wind blows. When this 
wind ceases, friction and spreadirg cause the waves to be reduced in height, or at- 
tenuated, as they move across the surface. However, the reduction takes place so 
slowly that swell continues until it reaches some obstruction, such as a shore. 
The Fleet Numerical Weather Central, Monterey, California, produces synoptic 
analyses and predictions of ocean wave heights using a spectral numerical model. 
The wave information consists of heights and directions for different periods and 
wavelengths. The model generates and propagates wave energy. Verification has 
been very good. Information from the model is previded to the U.S. Navy on a routine 
: basis and is a vital input to the Optimum Track Ship Routing program (ch. XXIV). 
, 3303. Wave characteristics.—Ocean waves are very nearly in the shape of an 
inverted cycloid, the figure formed by a point inside the rim of a wheel rolling along 
a level surface. This shape is shown in figure 3303a. The highest parts of waves are 
called crests, and the intervening lowest parts, troughs. Since the crests are steeper | 
and narrower than the troughs, the mean or still water level is a little lower than half- ! 
way between the crests and troughs. The vertical distance between trough and crest is os 
called wave height, labeled H in figure 3303a. The horizontal distance between succes- : 
sive crests, measured in the direction of travel, is called wavelength, labeled L. The 
at time interval between passage of successive crests at a stationary point is called wave 
period (P). Wave height, length, and period depend upon a number of factors, such 
as the wind speed, the iength of time it has blown, and its fetch (the straight distance 
it has traveled over the surface). Table 3303 indicates the relationship between wind 
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Faure 3303a.—A typical sea wave. ‘ 
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TanuK 3303.— Minimum Time (T) in hours that wind must blow to form waves of IT significant 
na height (in fect) and P period (in seconds). Fetch in nautical miles. 
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speed, fetch, length of time the wind blows, wave height, and wave period in deep 
water. 

If the water is deeper than one-half the wavelength (L), this length in feet is 
theoretically related to period (P) in seconds by the formula 


L=5.12P?. 


The actual value has been found to be a little less than this for swell, ond about. two- 
thirds the length determined by this formula for sea. When the waves leave the generat- 
ing area and continue as free waves, the wavelength and period continue to increase, 
while the height decreases. The rate of change gradually decreases. 

The speed (S) of a free wave in deep water is nearly independent of its height or 
steepness. For swell, its relationship in knots to the period (P) in seconds is given by the 
formula 

$=3.03P. 


The relationship for sea is not known. 

The theoretical relationship between speed, wavelength, and period is shown in 
figure 3303b. As waves continue on beyond the generating area, the period, wavelength, 
and speed remains the same. Because the waves of each period have cifferent speeds they 

-tend to sort themselves by periods as they move away from the generating area. The 

ilonger period waves move at a greater speed and move ahead. At great enough distances 
‘from a storm area the waves will have sorted themselves into packets based on period. 
; All the waves are attenuated as they propagate but the short period waves attenuate 
faster so that at a long distance from a storm only the longer waves remain. 

The time needed for a wave system to travel some distance is doudle that which 
would be indicated by the speed of individual waves. This is because the front wave 
gradually disappears and transfers its energy to succeeding waves. Tne process is 
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Figure 3303b.—Relationship between specd, length, and period of waves in deep water, based upon 
the theoretical relationship between period and length. 
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followed by each front wave in succession, at such a rate that the wave system ad vances; 
at a speed which is just half that of individwal waves. This process can be seen in the 
bow wave of a.vessel. The speed at which the wave are advances is called group’ 
velocity. 

Because of the existence of many independent wave systems at ‘the same time 
the sea surface acquires a complex and irregular pattern. Also, since the longer wave: 
outrun the shorter ones, the resulting interference adds to the complexity of the pattern, 
The process of interference, illustrated in figure 3303c, is duplicated many times in th 
sea, being the principal reason that successive waves are not of the same height. Th 
irregularity of the surface may be further accentuated by the presence of wave systems 
crossing at an angle to each other, producing peak-like rises. 

In reporting average wave heights, the mariner has a tendency to neglect the raees 
ones. It has been found that the reported value is about the average for the highest 
one-third. This is sometimes called the “significant”? wave height. The approximate 
relationship between this height and others, is as follows: 









Wave Relative height 
Average 0.64 
Significant 1.00 
Highest 10 percent 1.29 
Highest 1.87 


3304. Path of water particles in a wave.—As shown in figure 3304, a particle of 
water on the surface of the ocean follows a somewhat circular orbit as a wave passes, 
but moves very little in the direction of motion of the wave. The common wave pro- 
ducing this action is called an oscillatory wave. As the crest passes, the particle moves 
forward, giving the water the appearance of moving with the wave. As the trough 
passes, the motion is in the opposite direction. The radius of the circular orbit decreases. 
with depth, approaching zero at a depth equal to about half the wavelength. In shallowe 
water the orbits become more elliptical, and in very shallow water, as at a beach, the 
vertical motion disappears almost completely. 

Since the speed is greater at the top of the orbit than at the bottom, the particle 
is not at exactly its original point following passage of a wave, but has moved slightly 
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FicureE 3303c.—Interference. The upper part of A shows two Figure 3304.—Orbital motion 
waves of equal height and nearly equal length traveling in and displacement, 8, of a parti- 
the same direction. The lower part of A shows the resulting cle on the surface of deep water 
wave pattern. In B similar information is shown for short during two wave periods. 


waves and long swell. 
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in the direction of motion of the wave. However, since this advance is small in relation 
to the vertical displacement, a floating object is raised and lowered by passage of a 
wave, but movad little from its original position. If this were not so, a slow moving 
vessel might experience considerable difficulty in making way against a wave train. 
In figure 3304 the forward displacement is greatly exaggerated. 

3305. Effects of currents on waves.—A following current increases wavelengths 
and decreases wave heights. An opposing current has the opposite offect, decreasing 
. the length and increasing the height. A strong opposing current may cause the waves 

to break. T* » extent of wave alteration is dependent upon the ratio of the still-water 
wave speed to the speed of the current. 

Moderate ocean currents running at oblique angles to wave directions appear to 
have little effect, but strong tidal currents perpendicular to a system of waves have 
been observed to completely destroy them in a short period of time. 

3306. The effect of ice on waves.—When ice crystals form in seawater, internal 
friction is greatly increased. This results in smoothing of the sea surface. The effect 
of pack ice is even more pronounced. A vessel following a lead through such ice may 
be in smooth water even when a gale is blowing and heavy seas are beating against the 
outer edge of the pack. Hail is also effective in flattening the sea, even in a high wind. 

3307. Waves and shallow water.—When a wave encounters shallow water, the 
movement of the individual particles of water is restricted by the bottom, resulting 
in reduced wave speed. In deep water wave speed is a function of period. In shallow 
water, the wave speed becomes a function of depth. The shallower the water the slower 
is the wave speed. As the wave speed slows, the period remains the same so the wave- 
length becomes shorter. Since the energy in the waves remains the same, the shortening 

‘ of wavelengths results in increased heights. This process is called shoaling. If the wave 
approaches the shoal at an angle, each part is slowed successively as the depth decreases. 
This causes a change in direction of motion or refraction, the wave tending to become 
parallel to the depth curves. The effect is similar to the refraction of light and other 
forms of radiant energy (art. 1606). 

As each wave slows, the next wave behind it, in deeper water, tends to catch up. 
As the wavelength decreases, the height generally becomes greater. The lower part of 
a wave, being nearest the bottom, is slowed more than the top. This may cause the 

, wave to become unstable, the faster-moving top falling or breaking. Such a wave is 
called a breaker, and a series of breakers, surf. This subect is covered in greater detail 
in chapter XXXIV. 

Swell passing over a shoal but not breaking undergoes a decrease in wavelength 
and speed, and an increase in height. Such ground swell may cause heavy rolling if 
it is on ue beam and its period is the same as the period of roll of a vessel, even though 
the sea may appear relatively calm. Figure 3307 illustrates the approximate alteration 
of the characteristics of waves as they cross a shoal. 

3308. Enerty of waves.—The potential energy of a wave is reiated to the vertical 
distance of each particle from its still-water position, and therefore moves with the 
wave. In contrast, the kinetic energy of a wave is related to the speed of the particles, 
being distributed evenly along the entire wave. 

The amount of kinetic energy in even a moderate wave is tremendous, A 4- 
foot, 10-second wave striking a coast expends more than 35,000 horsepower per mile 
of beach. For each 56 miles 0: coast, the energy expended equals the power generated 
at Hoover Dam. An increase in temperature of the water in the relatively narrow 
surf zone in which this energ: is expended would seem to be indicated, but no pro- 
nounced increase has been measured. Apparently, any heat that may be generated is 
dissipated to the deeper water beyond the surf zone. 
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Fiacure 3307.—Alteration of the casract 2 istics of waves as they cross a shoal. 


3309. Wave measurement aboard ship.—With suitable equipment and adequate 
training, one can make reasonably reliable measurements of the height, length, period, 
and speed of waves. However, the mariner’s estimates of height and length usually 
contain relatively large errors. There is a tendency to underestimate the heights .of 
low waves, and overestimate the heights of high ones. There are numerous accounts 
of waves 75 to 80 feet lugh, or evon higher, although waves more than 55 feet high are 
very rare. Wavelength is usually underestimated. The motions of the vessel from 
which measurements are made perhaps contribute to such errors. 

Height. Measurement of wave height is particularly difficult. A microbarograph 
(art. 3705) can be used if the wave is long enough to permit the vessel to ride up and 
down with it. If the waves are approaching from dead ahead or dead astern, this re- 
quires a wavelength st least twice the length of the vessel. For most accurate results 
the instrument should be placed at the center of roll and pitch, to minimize the effects 
of these motions. Wave height can often be estimated with reasonable accuracy by 
comparing it with freeboard of the vessel. This is less accurate as wave height and | 
vessel motion increase. If a point of observation can be found at which the top of a 
wave is in line with tae horizon when the observer is in the trough, the wave height — 
is equal to height of eye. However, if the vessel is rolling or pitching, this height at the « ' 
moment of observation raay be difficult to determine. The highest wave ever reliably | 
reported was 112 feet observed from the USS Ramapo in 1933. 

Length. The dimensions of the vessel can be used to determine wavelength. Errors | 
are introduced by perspective and disturbance of the wave pattern by the vessel. | 
These errors are minimized if observations are made from maximum height. Best | 
results are obtained if the sea is from dead ahead or dead astern. 

Period. If allowance is made for the motion of the vessel, wave period can be 
determined by measuring the interval between passages of wave crests past the ob- 
server. The correction for the motion of the vessel can be eliminated by timing the 
passage of successive wave crests past a patch of foam or a floating object at some 
distance from the vessel. Accuracy of results can be improved by averaging several 
observations. 
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Speed can be determined by timing the passage of the wave between measured 
points along the side of the ship, if corrections are applied for the direction of travel of 
the wave and the-speed of the ship. 

The length, period, and speed of waves are interrelated by the relationships indi- 
cated in article 3303. There is no definite mathematical relationship between wave 
height and length, period, or speed. 

3310. Tsunamis are ocean waves produced by sudden, large-scale motion of a por- 
tion of the ocean floor or the shore, as by volcanic eruption, earthquake (sometimes 
called seaquake if it occurs at sea), or landslide. If they are caused by a submarine earth- 
quake, they are usually called seismic sea waves. ‘The point directly above the di 
turbance, at which the waves originate, is called the epicenter. Either a tsunami or a 
storm tide (art. 3311) that overflows the land is popularly called a tidal wave, although 
it bears no relation to the tide. 

If a volcanic eruption occurs below the surface of the sea, the escaping gases cause 
a quantity of water to be pusheu upward in the shape of a dome or mound. The same 
effect is caused by the sudden rising of a portion of the bottom. As this water settles 
back, it creates a wave which travels at high speed across the surface of the ocean. 

Tsunamis are a series of waves. Near the epicenter, the first wave may be the 
highe:t. At greater distances, the highest wave usually occurs later in the series, com- 


‘ monly between the third and the eighth wave. Following the maximum, they again 


become smaller, but the tsunami may be detectable for several days. 
In deep water the wave height of a tsunami is probably never greater than 2 or 


~ 3 feet. Since the wavelength is usually considersbly more than 100 miles, the 


wave is not conspicuous at sea. In the Pacific, where most tsunamis occur, the wave 
period varies between about 15 and 60 minutes, and the speed in deep water is more than 
400 knots. Th2 approximate speed can be computed by the formula 


S=0.6 ¥gd=3.474d, 


where S is the speed in knots, g is the acceleration due to gravity (32.2 feet per second 
per second), and d is the depth of water in feet. This formula is applicable to any wave 
in water having a depth of less than half the wavelength. For most ovean waves it 
applies only in shallow water, because of the relatively short wavelength. ‘ 
When a tsunami enters shoal water, it undergoes the same changes as other waves. 
The formula indicates that speed is proportional to depth of water. Because of the great 
speed of a tsunami when it is in relatively deep water, the slowing is relatively much 
greater than that of an ordinary wave crested by wind. Therefore, the increase in 
height is also much greater. The size of the wave depends upon the neture and intensity 
of the disturbance. The height and destructiveness of the wave arriving at any place 
depend upon its distance from the epicenter, topography of the ocean floor, and the 
coastline. The angle at which the wave arrives, the shape of the coastline, and the 
topography along the coast and offshore all have their effect. The position of the shore 
is also a factor, as it may be sheltered by intervening land, or be in a position where 
waves have a tendency to converge, either because of refraction or reflection, or both. 
Tsunamis 50 feet in height or higher have reached the shore, inflicting widespread 
damage. On April 1, 1946, seismic sea waves originating at an epicenter near the Aleu- 
tians spread over the entire Pacific. Scotch Cap Light on Unimak Island, 57 feet above 
sea level, was completely destroyed. Traveling at an average speed of 490 miles per 
hour, the waves reached the Hawaiian Islands in 4 hours and 34 minutes, where they 
arrived as waves 50 feet above the high water level, and flooded a strip of coast more 
than 1,000 feet wide at some places. They left a death toll of 173, and property damage 
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of $25,000,000. Less destructive waves reached the shores of North and South Agneiieas| 
and Australia, 6,700 miles from the epicenter. i 

After this disaster, a tsunami warning system was set up in the Pacific, even though 
destructive waves are relatively rare (averaging about one in 20 years in the Hawaiian ' 
Islands). 

In addition to seismic sea waves, earthquakes below the surface of the sea may 
produce a longitudinal wave that travels upward toward the surface, at the speed of 
sound. When a ship encounters such a wave, it is felt as a sudden shock which may 
be of such severity that the crew thinks the vessel has struck bottom. Because of . 
such reports, some older charts indicated shoal areas at places where the depth is now 
known to be a thousand fathoms or more. 

3311. Storm tides.—In relatively tideless seas like the Baltic and Mediterranean, 
winds cause the chief fluctuations in sea level. Elsewhere, the astrenomical tide usually 
masks these variations. However, under exceptional conditions, either severe extra- 
tropical storms or tropical cyclones can produce changes in sea level that exceed the | 
normal range of tide. Low sea level is of little concern except to shipping, but a rise above 
ordinary high-water mark, particularly when it is accompanied by high waves, can | 
result in a catastrophe. 

Although, like tsunamis, these storm tides or storm surges are popularly called | . 
tidal waves, they are not associated with the tide. They consist of a single wave crest | 
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and hence have no period or wavelength. 

Three effects in a storm induce a rise in sea level. The first is wind stress on the 
sea surface, which results in a piling-up of water (sometimes called “wind set-up”). 3 
The second effect is the convergence of wind-driven currents, which elevates the sea § 
surface along the convergence line. In shallow water, bottom friction and the effects ¢ 
of local topography cause this elevation to persist and may even intensify it. The low § 
atmospheric pressure that accompanies severe storms causes the third effect, which is q 
sometimes referred to as the “inverted barometer.’’ An inch of mercury is equivalent 3 
to about 13.6 inches of water (art. 3115) and the adjustment of the sea surface to the § 
reduced pressure can amount to several feet at equilibrium (art. 3911). : 

All three of these causes act independently, and if they happen to occur simul- § 
taneously, their effects are additive. In addition, the wave can be intensified or ampli- § 
fied by the effects of local topography. Storm tides may reach heights of 20 feet or | 
more, and it is estimated that they cause three-fc irths of the deaths attributed to 
hurricanes. 

3312. Standing waves and seiches.—Previous articles in this chapter have dealt 
with progressive waves which appear to move regularly with time. When two systems 
of progressive waves having the same period travel in opposite directions across the 
same area, o Series of standing waves may form. These appear to remain stationary. 

Another type of standing wave, called a seiche (sash), sometimes occurs in a 
confined body of water. It is a long wave, usually having its crest at one end of the 
confined space, and its trough at the other. Its period may be anything from a few 
minutes to an hour or more, but somewhat less than the tidal period. Seiches are 
usually attributed to strong winds or differences in atmospheric pressure. 

3313. Tide waves.—As indicated in chapter XXXI, there are, in general, two 
regions of high tide separated by two regions of low tide, and these regions move pro- 
gressively westward around the earth as the moon revolves in its orbit. The high tides 
are the crests of these tide waves, and the iow tides are the troughs. The wave is not 
noticeable at sea, but becomes apparent along the coasts, particularly in funnel-shaped 
estuaries. In certain river mouths or estuaries of particular configuration, the incoming 
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: wave of high water overtakes the preceding low tide, resulting in a high-crested, roaring 
* wave which progresses upstream in one mighty surge called a bore. 


3314. Internal waves.—Thus far, the discussion has been confined to waves on 


: the surface of the sea, the boundary between air and water. Internal waves, or boundary 
_ Waves, are created below the surface, at the boundaries between water strata of different 


densities. The density differences between adjacent water strata in the sea are con- 
siderably less than that between sea and air. Consequently, inte:nal waves are much 
more easily formed than surface waves, and they are often much larger. The maximum 
height of wind waves on the surface is about 60 feet, but internal wave heights as 
great as 300 feet have been encountered. 

Internal waves are detected by a number of observations of the vertical temperature 
distribution, using recording devices such as the bathythermograph (art. 3007). They 
nave periods as short as a few minutes, and as long as 12 or 24 hours, these greater 
periods being associated with the tides. 

A slow-moving ship operating in a freshwater layer having a depth approximating 


' the draft of the vessel may produce short-period internal waves. This may occur off 
. Yivers emptying inte the sea or in polar regions in the vicinity of melting ice. Under 


suitable conditions, the normal propulsion energy of the ship is expended in generating 


- and maintaining these internal waves and the ship appears to “stick” in the water, 
. becoming sluggish and making little headway. The phenomenon, known as dead water, 
: disappears when speed is increased by a few knots. 


The full significance of internal waves has not been determined, but it is known 


_ that they may cause submarines io rise and fall like a ship at the surface, and they 


may also affect sound transmission in the sea. 
3315. Waves and ships.—The effects of waves on a ship vary considerably with 
the type ship, its course and speed, ar. 1 the condition of the sea. A short vessel has a 


' tendency to ride up one side of a wave and down the other side, while a larger vessel 


may tend to ride through the wave + on an even keel. If the waves are of such length 
that the bow and stern of a vessel are alternately in successive crests and successive 
troughs, the vessel is subject to heavy sagging and hogging stresses, and under extreme 
conditions may break in two. A change of heading may reduce the danger. Because of 


. the danger from sagging and hogging, a small vessel is sometimes better able to ride 
: out a storm than a large one. 


If successive waves strike the side of a vessel at the same phase of successive rolls, 
relatively small waves can cause heavy rolling. The effect is similar to that of swinging 
a child, where the strength of the push is not as important as its timing. The same 
effect, if applied to the bow or stern in time with the pitch, can cause heavy pitching. 
A change of eithe: heading or syeed ean reduce the effect. 

A wave having a length twice that of a ship places that ship in danger of falling 
off into the trough of the sea, particularly if it is a slow-moving vessel. The effect is 
especially pronounced if the sea is broad on the bow or broad on the quarter. An increase 
of speed reduces the hazard. 

3316. Use of oil for modifying the effects of breaking waves.—Oil has proved 
effective in modifying the effects of breaking waves, anc has proved useful to vessels 
at sea, whether making way or stopped, particularly when lowering or hoisting boats. 
Its effect is greatest in deep water, where a small quantity suffices if the oil can be made 
to spread to windward. In shallow water were the water is in motion over the bottom, 
oil is less effective but of some value. 

The heaviest oils, notably animal ana vegetable oils, are the most effective. Crude 
petroleum is useful, but its effectiveness can be improved by m.xing it with animal and 
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vegetable oils. Gasoline or kerosene are of little value. Oil spreads slowly. In cold | 
weather it may need some thinning with petroleum to hasten the process and produce | 
the desired spread before the vessel is too far away for the effect to be useful. | 

At sea, best results can be expected if the vessel drifts or runs slowly before the! 
wind, with the oil being discharged on both sides from waste pipes or by other con- 
venient method. If a sea anchor is used, oil can be distributed from a container inserted 
within it for this purpose. If such a container is not available, an oil bag can be fastened 
to an endless Jine iove through a block on the sea anchor. This permits distribution of 
oil to windward, an = rovides a means for hauling the bag aboard for refilling. If an- 
other vessel is being t ed, the oil should be distributed from the towing vessel, forward 
and on both sides, so that both vessels will be benefited. If a drifting vessel is to be 
approached, the oil might be distributed from both sides of the drifting vessel or by the 
approaching vessel, which should distribute.it to leeward of the drifting vessel so that 
that vessel will drift into it. If the vessel being approached is aground, the procedure best 
suiting the circumstances should be used. 

If oil is needed in crossing a bar to enter a harbor, it can be floated in ahead of ; 
the vessel if a flood current is running. A considerable amount may be needed. During | 
slack water a hose might be trailed over the bow and oil poured freely through it if no | 
more convenient method is available. With an ebb current oil is of little use, unless it 
can be distributed from another vessel or in some other manner from the opposite side 


| 
of the bar. 
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CHAPTER XXXIV 


BREAKERS AND SURF 


3401. Intreduction—The purpose of this chapter is to acquaint the navigator 
with the oceanographic factors affecting the safe navigation through the surf zone to 
the beach. 

3402. Refraction.—As explained in article 3307, wave speed is slowed in shallow 
water, causing refraction if the waves approach the beach at an angle. Along a per- 
fectly straight beach, with uniform shoaling, the wave fronte tend to become parallel to 
the shore. Any irregularities in the coastline or bottom contours, however, affect the 
refraction, causing irregularity. In the case of a ridge perpendicular to the beach, for 
instance, the shoaling is more rapid, causing greater refraction towards the ridge. The 
waves tend to align themselves with the bottom contours. Waves on both sides of the 
ridge have a component of motion toward the ridge. This convergence of wave energy 
toward the ridge causes an increase in wave or breaker height. A submarine canyon or 
valley perpendicular to the beach, on the other hand, produces divergence, with a 

‘ decrease in wave or breaker height. These effects are illustrated in figure 3402. Bends 
in the coastline have a similar effect, convergence occuring at a point, and divergence 

; if the coast 1s concave to the sea. Points act as focal areas for wave energy and experience 

_ large breakers. Concave bays have small breakers because the energy is spread out as 
the waves approach the beach. 

Under suitable conditions, currents a sause refraction. This is of particular 

‘importance at entrances of tidal estuaries. When waves encounter a current running 


“in the opposite direction, they become higher and shorter. This results in a choppy 


CONVLROEICE OF OrtecECUS 
ORSOVEES On Caves ae Yond 
ante 


—~oenete cowreuea, 
e 4Y nous 
12 S€coee Ptees 
ora 
Courtesy of Robert L. Wiegel, Council on Ware Research, University of California. 


Figure 3402.—The effect of bottom topography in causing wave convergence and wave divergence. 
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798 BREAKERS AND SURF 


sea, often with breakers. When waves move in the same direction as current, they 
decrease in height, and become longer. Refraction occurs when waves encounter a 
current at an angle. 

Refraction diagrams, useful in planning amphibious operations, can be prepared 
with the aid of nautical charts or aerial photographs. When computer facilities are 
available, complex computer programs are used to determine refraction diagrams, ' 
quickly and accurately. : 

3403. Breakers and surf.—In deep water, swell generally moves ucross the surface 
as somewhat regular, smooth undulations (ch. XX XIII). When shoal water is reached, 
the wave period remains the same, but the speed decreases. The amount of decrease 
is negligible until the depth of water becomes about one-half the wavelength, when the. 
waves begin to “feel”? bottom. There is ¢ slight decrease in wave height, followed ty: 
a rapid increase, if the waves are traveling perpendicular to a straight coast with ai 
uniformly sloping bottom. As the waves become higher and shorter, they also become| 
steeper, and the crest becomes narrower. When the speed of individual particles at] 
the crest becomes greater than that of the wave, the front face of the wave becomes | 
steeper than the rear face. This process continues at an accelerating rate as the rear 
of water decreases. At some point the wave may become unstable, toppling forward 
to form a breaker. 

There are three general classes of breakers. A spilling breaker breaks esate] 
over a considerable distance. A plunging breaker tends to curl over and break with af 
single crash. A surging breaker peaks up, but surges up the beach without spilling or 4 
plunging. It is classed as a breaker even though it does not actually break. The type of f 2 
breaker is determined by the steepness of the beach and the steepness of the wave F eB 
before it reaches shallow water, as illustrated in figure 3403. : 

Longer waves break in deeper water, and have a greater breaker height. The 
effect of a steeper beach is also to increase breaker height. The height of breakers is ¥ 
less if the waves approach the bea.u at an acute angle. With a steeper beach slopeg 
there is gieater tendency of the breakers to plunge or surge. Following the uprush 5 
of water onto a beach after the breaking of a wave, the seaward backrush occurs. Tue § 
returning water is called backwash. T° tends to further slow the bottom of a wave, § 
thus increasing its tendency to break. This effect is greater as either the speed or} 
depth of the backwash increases. The still water depth at the point of breaking is 
approximately 1.3 times the average breaker height. 

Surf vezies with both position along the beach and time. A change in position 
often means a change in bottom contour, with the refraction effects discussed in article 
3402. At the same point, the height and period of waves vary considerably from wave 
to wave. A group of high waves is usually followed by several lower ones. Therefore, | 
passage through surf can usually be made most easily immediately following a series of| 
higher waves. 

Since surf conditions are directly related to height of the waves approaching a beach, 
and the configuration of the bottom, the state of the surf at any time can be predicted | 
if one has the necessary information and knowledge of the principles involved. Height : 
of the sea and swell can be predicted from wind data, and information on bottom con-| 
figuration can generally be obtained from the nautical chart. In addition, the area 
of lightest surf along a beach can be predicted if details of the bottom configuration are 
available. 

3404. Currents in the surf zone.—In and adjacent to the surf zone, currents are } 
generated by waves approaching the bottom contours at an angle, and by irregularities j 
in the bottom. 
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BEACH 1S USUALLY VERY FLAT 


SKETCH SHOWING THE GENERAL CHARACTER 
OF SPILLING BREAKERS 


SKETCH SHOWING THE GENERAL CHARACTER 
OF PLUNGING BREAKERS 


FOAM LINE Foam ung FOAM LINE 
OF 4 os oF 2 


BEACH 1S USUALLY VERY STEEP 


SURGING BREAKER SKETCH SHOWING THE SENERAL CHARACTER 
OF SURGING SREAKERS 
Courtesy of Robert L. Wugel, Council on Ware Research, Unuwersity of California. 
Figure 3403.—The three types of breakers. 


Waves approaching at an angle produce a longshore current paralle) to the beach, 
within the-surf zone. Longshore currents are most common along straight beaches. 
Their speeds increase with increasing breaker height, decreasing wave period, increasing 
angle of breaker line with the beach, and increasing beach slope. Speed seldom exceeds 
1 knot, but sustained speeds as high as 3 knots have been recorded. Longshore surrents 
are usually constant in direction. They increase the danger of landing craft broaching to. 
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800 BREAKERS AND SURF 


As explained in article 3402, wave fronts advancing over nonparallel betta 
contours are refracted to cause convergence or divergence of the energy of the waves| 
Energy concentrations, in areas of convergence, form barriers to the returning back+ 
wash, which is deflected along the beach to areas of less resistance. Backwash accumu- 
lates at weak points, and returns seaward in concentrations, forming rip currents 
through the surf. At these points the large volume of returning water has a retarding 
effect upon the incoming waves, thus adding to the condition causing the rip current. 
The waves on one or both sides of the rip, having greater energy and not being retarded 
by the concentration of backwash, advance faster and farther up the beach. From 
here, they move along the beach as feeder currents. At some point of low resistance, ‘ 
the water flows seaward through the surf, forming the neck of the rip current. Outside 
the breaker line the current widens and slackens, forming the head. The various parts 
of a rip current are shown in figure 3404. 

Rip currents may also be caused by irregularities in the beach face. If a beach 
indentation causes an uprush to advance farther than the average, the backrush is 





IDEALIZED RIP CURRENT 


Courtesy of Robert L. Wiegd, Council on Ware Research, Unizersity of California. 
Fictre 3404.—A rip current (left) and a diagram of its parts (right). 
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delayed and this in turn retards the next incoming foam line (the front of a wave ay 
it advances shoreward after breaking) at that point. The foam line on each side of 
the retarded point continues in its advance, however, and tends to fill in the retarded 
area, producing a rip current. 

3405. Beach sediments.—In the surf zone, large amounts of sediment are suspended 
in “de water. When the water motion decreases, the sediments are deposited as sand: 
The water motion can be either waves or currents. Promontories or points are rocky: 
because the large breakers scour the points and small sediments are suspended in the 
water and carried away. Bays have sandy beaches because of the small wave conditions. 

In the winter when storms create larger breakers and surf, the waves erode the 
beaches and carry the particles offshore where offshore sand bars form; sandy beaches 
tend to be narrower. In the summer the waves gradually move the sand back to ae 
beaches and the offshore bars decrease; sandy beaches tend to be wider. 

Longshore currents move large amounts of sand along tne coast. These currents 
deposit sand on the upcurrent side of a jetty and erode the beach on the dowacurrent 
side. 




























































































































































































CHAPTER XXXV 
SOUND IN THE SEA 


3501. Underwater sound and the navigator.—The clarity with which the noises 
associated with weighing anchor, propelling a ship, and other underwater motions are 
heard below the waterline and near the skin of a vessel is an indication of the high 
sound-transmitting qualities of seawater. Water is a better conductor of sound than 
is air because it absorbs less energy from the sound. There are several ways in which 
underwater sound can be used in navigation. 

The direction of travel of sound waves can be measured either by means of binaural 
hearing (hearing with two “ears”), or by equipment which has directional character- 
istics similar to those of a directional antenna used in radio (art. 4112). Either method 
can be used for determining the direction from which general noise is coming, but 
only the latter is used in active sonar equipment for determining direction and dis- 
tance by reception of an echo from a directional signal, in a manner similar to radar 
(art. 4801). 

Distance can be determined by (1) measuring the elapsed time between trans- 
mission of a signa! and return of its echo, (2) measuring the elapsed time between 

transmission of a signal and its receipt at a second station, (3) measuring the time 
difference between reception of e signal transmitted through water and one transmitted 
-through air, (4) measuring the difference in phase between two signals or change of 
phase of a signal when it returns as an echo, or (5) measuring the angle at which an 
echo is received from a signal produced at another place. The first method is used in 
active sonar and echo sounding equipment (art. 619). The fourth and fifth methods 
were used in early forms of echo sounders. 

3502. Sources of sound in the ocean.—Underwater sounds intended for navigational 
use are produced in one of three basic ways: (1) by percussion, as the striking of a 
bell, gong, or the bottom of the vessel; (2) by oscillator, as the vibration of a diaphragm; 
(3) by explosion, as by small bomb or depth charge. Certain man-made noises ordi- 
narily produced in water, such as those due to operation of the main engines of a vessel, 
can be detected by an appropriate listening device. 

In addition, many noises are made by animals living in the ocean. Certain 
shrimp, great numbers of which inhabit some areas, make a snapping noise with their 
claws. Some fish make a noise by stridulating (scraping). When shellfish are being 
eaten, a sound is emitted as the shells are broken by the teeth of the fish which are 
iceding. Grunting noises are made by many kinds of fish, usually by means of their 
swim bladders. Porpoises produce sounds of a high pitch. Sounds of various frequency 
and amplitude are produced by other forms of marine life. Where sound-producing 

. marine life is very abundant, it interferes with detection of man-made sounds, requiring 
a high signal-to-noise ratio. The effect is similar to that of a high atmospheric noise 
level in radio. 

3503. Speed of sound in seawater.—Three variables govern the speed (S) of sound 
in a fluid. They are density (p), compressibility (8), and the ratio between the specific 
heats of the fluid at constant pressure and at constant volume (7). The following formula 
is sufficiently accurate for most navigational purposes: 
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Density and specific heat are discusseu in articles 3009 and 3012 » Tespectiv ely. Com-! 
pressibility refers to the relative change in volume for a given chaise in pressure. | 
The compressibility of water is low, and consequently the speed of sound in water is} 
high. The specific heat ratio enters the formula because the energy of a sound impulse. 
is briefly transformed into heat, and then reconverted (with slight loss) into kinetic 
energy. The ratio rarely excecds 1.02 in seawater and is commonly taken as unity. 

For atmospheric pressure 29.92 inckes of mercury, teraperature 60°F, and salinity. 
34.85 parts per thousand, the density of seawater is 64 pounds per cubic foot and the: 
compressibility approximately 0.0000435 per atmosphere (one atmosphere equals 


14.696 pounds per square inch). Using these values and 32.174 feet per second per - 


second (the acceleration of gravity at iatitude 45°) and 144 square inches per square, 
foot, and taking y equal to unity, one obtains: 


[1.0X32.174X 14.696 X 144 4945 fojeeci 


S=¥ 64 <0.0000435 


j 
i 
The same formula can be used to determine the speed of sound in air. For atmos-4 
pheric pressure 29.92 and temperature 60°F, the density of air is 0.0764 pound per? 
cubic foot and, since air is a gas, the compressibility is the reciprocal of the pressure. 4 
Taking y equal to 1.4, one obtains: 4 
1.4%32.174X 14.696 X 144 

$y eee waxes =1117 ft/sec. 


The speed of sound in water is approximately 4.5 times its speed in air. 

An increase in temperature decreases both density and compressibility, resulting# 
in an increase in the speed of sound. In seawater, an increase in pressure or salinity # 
produces a slight increase in density and a larger decrease in compressibility, resulting § 
in @ net increase in the speed of sound. Thus, in seawater, an increase in temperature, 
pressure, or salinity results in greater speed of sound. Of the three, temperature has, 
the greatest influence on the speed of sound in seawater in the upper layers. At depth, 
pressure, and in coastal areas, changes in salinity, may have the greatest effect. 

Normally, the change of these three elements is much more rapid in a vertical 
direction than in a horizontal! direction. The change with depth varies with location.; 
With respect to temperature, much of the ocean is considered to consist of three layers, | 
a mixed layer influenced greatly by the temperature of the air above it, a thermocline; 
of rapidly decreasing temperature, and a nearly uniform deep-water layer. Typicai 
curves showing change of temperature and salinity with depth are shown in figure 3503a. | 
The increase of pressure with depth is almost uniform, the pressure at 10,000 feet, 
being approximately twice that at 5,000 feet, and 10 times that at 1,000 feet. A typical! 
curve of speed of sound with depth is shown in figure 3503b. In this case there is lit‘le 
or no mixed layer and the temperature decreases rapidly from the surface; therefore, 
the sound velocity also decreases rapidly. Below the range of temperature dect vase, 
the pressure effect becomes the primary factor and sound velocity starts to increase. 
Note that the minimum sound velocity is at 2,409 feet. This would be the depth of the 
deep sound channel.- 
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Ficure 3503a.—Variation of .emperature and salinity with depth at one locality. 
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FictreE 3503b.—Typical variation of speed of sound with depth in the ocesn. 
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Study of transmission ef sound from underwater explosions indicates the: near! 
the explosion the speed of sound may be somewhat higher than expected, prubabiy due | 
to increased pressure caused by the disturbance. This effect extends over such a short | 
distance that it is insignificant in ordinary underwater sound transmission. i 


3504. Reflection of underwater sound weves.—In water, as in air, sound is re-! 
flected by obstructions in the form of solid objects or sharp discontinuities. Thus, 
sound is reflected from the bottom, the shore, hulls of ships, the surface of the water, 
etc. Jt is this reflecting energy that is used in echo sounders (art. 619) to determine 
depth, and in sonar equipment used for echo ranging. 

Reflecting properties of various substances differ markedly. Rock reflects almost 
all of the sound that strikes its surface, while soft mud absorbs or is penetrated by 
sound. Thus, in echo sounding, a layer of soft mud over rock may result in two echoes, 
indicating two depths. 

Fish and even tiny sea animals also reflect sound. As a result, echo sounders are 
widely used among fishermen to locate schools of fish. In deep water it is not unusual 
for an echo sounder to receive an echo from a depth of about 200 fathoms, although the 
depth is shallower somewhat at night. This phantom bettom or deep scattering layer, : 
which is undoubtedly the source of many erroneous shoal sounding reports, is due to 
large numbers of tiny marine animals, or other marine life. i 

A sharp discontinuity within the water causes reflection of sound. Thus, an echo 
sounder may detect the boundary between a layer of freshwater overlying saltwater, 
a condition which might occur near the mouth of a river. 

Sharp, distinct echoes denoting precise depths are difficult to obtain over rough- 
surfaced bottoms. Therefore, considerable discretion should be exercised in evaluating 
soundings taken over bottoms possessing a high degree of relief. 

3505. Refraction of underwater sound waves.—The laws of refraction as applied 
to light ‘art. 1615) and radio waves (alt. 4106) apply also to sound. Because of dif- 
ferences of velocity of sound in seawater, an advancing sound wave is refracted toward 
the area of slower sound velocity. If sound is traveling vertically downward, as in echo 
sounding, the effect of refraction is relatively slight because the layers of water in which 
velocity differs are upproximately horizontal, and when the direction of travel of the 
sound is normal to the refracting surface or layer, there is no refraction. 

If a sound beam is transmitted outward from a source, it will start at a particular i 
sound velocity but une sound velocity will either increase or decrease as the beam | 
moves into water of different temperatures, salinity, or pressure. The beam will refract : 
teward the region where the sound velocity is slower. In a mixed surface layer the | 
temperature is isothermal so the sound velocity increases with depth due to the pressure 
effect. A sound beam in that layer would be refracted upward to the surface where it | 
would reflect off the surface. Sound beams can be trapped in the mixed layer and create 
a “surface sound duct.” If a beam penetrates below the mixed layer into the thermocline 
it is in a region where sound velocity decreases rapidly with depth due to the temperature 
decrease. In the thermocline sound beams are refracted sharply downward. Sonar 
ranges can be very short in the thermocline layer This is the region of the “shadow } 

ot zone.” 

With typical distribution of sound velocity with depth, as shown in figure 3503b, 
z sound velocity decreases with depth until a minimum is reached at some level below 
; the surface, and below this it increases. In figure 3503b minimum velocity occurs at 
be about 2,400 feet. In the Tropics this level of minimum velocity may be as deep as 6,000 
oc feet, and in polar regions it may be at the surface. This level is referred to as the deep 
sound channel. Sound produced at any level tends to be refracted to the level of mini- 
muni speed, end to remain there, for as it attempis to leave this level, it is refracted “~%.. ® 
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back toward it, as shown in figure 3505. This, of course, does not refer to sound traveling 
vertically. If a sound is produced at this level, as by the explosion of a bomb or depth 
charge, the sound waves start to move outward as expanding spheres, but most of the 
rays are refracted back toward the minimum speed level. Because of this effect, such a 
sound may travel great distances with relatively little decrease in intensity. Listening 
gear placed at this level has detected sounds produced thousands of miles away. 
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Figure 3505.— Transmission of sound rays along the minimum sound level. 
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Sound beams that penetrate the deep sound channel without being trapped con- 
tinue on to regions of increased sound velocity. If the water is deep enough these 
beams will be refracted upwards towards the surface. If this occurs, the energy con- 
verges near the surface at ranges of about 30 nautical miles. This is the convergence 
zone. Convergence zone detection is significant in modern sonar applications. 

3506. Attenuation of sound.—As sound is transmitted from a source, the energy 
is lost or attenuated due to reflection, spreading, and absorption. A sound beam reflected 

4 . from the bottom or surface loses energy; although the sound energy is concentrated 
near the source, as the range increases the same energy is spread over a sphere whose 
radius is the range. The rate of absorption is a function of frequency; high frequency 
sound is absorbed more than sound of lower frequency. 
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CHAPTER XXXVI 
ICE IN THE SEA 


3601. Ice and th’ navigater.—Sea ice has posed a problem to the polar navigator | 
since antiquity. Pytheas of Massalia (art. 104) sighted a strange substance which he | 
deseribed as “neither land nor air nor water” floating upon and covering the northern 
sea over which the summer sun barely set. Pytheas named this lonely region Thule, |’ 
hence Ultima Thule (farthest north or land’s end). Thus began over 20 centuries of ! 
polar exploration. i 

Ice is of direct concern to the navigator because it restricts and sometimes controls 
his movements, it affects his dead reckoning by forcing frequent and sometimes inac- | 
curately determined changes of course and speed, it affects his piloting by altering the } 
appearance or obliterating the features of landmarks and by rendering difficult the j 
establishment and maintenance of aids to navigation, it affects his use of clectronies f 
by its effect upon propagation of radio waves and the changes it produces both in sur- § 
face features and radar returns from such features, it affects his celestial navigation by 3 
altering the refraction and obscuring his horizon and celestial bodies either directly or a 
by the weather it influences, and it affects his charts by introducing various difficulties ; 
to the hydrographic surveyor. | 

i 
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Because of his direct concern with icc, the prospective polar nivigator will do well 
to acquaint himself with its nature and extent in the area he expects to navigate. To 
this end he should consult the sailing directions for the area, and whatever other 
literature may be available to him, including reports of previous operations in the same 
area. 

3602. Formation of ice.—As it cools, water contracts until the temperature of max- 
imum density is reached. Further cocling results in expansion. The maximum density 
of freshwater occurs at a temperature of 4°0C (89°2F), and freezing takes place at 
0°C (32°F). The addition of salt lowers both the temperature of maximum density 
and, to @ lesser extent, trat of freezing. The relationships are shown in tigure 3602. The | 
two lines meet at a salinity of 24.7 parts per thousand, at which maximum density | 
occurs at the freezing temperature of —1°38C (29°61F). At this and greater salinities, ; 
the density increases right do'vi: to the freezing point. Ata salinity of 35 parts per thou- : 
sand, the approximate averege for the oceans, the freezing point is —1°S8C (28°6F). ; 

Ac the dont, uf sutfuce seawater mereases with decreasing temperature, density | 
currents are induce? binging warmer, less dense water to the surface. If the polar seas ; 
consisted of water with constant salinity, the entire water column would have to be 
cooled to the freezing point in this manner before ice would begin to form. This is not — 
the case, however, in the polar regions where the vertical salinity distribution is such 
that the surface waters are underlaid at shallow depth by waters of higher salinity. In 
this instance density currents form a shallow mixed layer which subsequently cannot 
mix with the decp lajer of warmer but saltier water. Ice will then begin forming at | 
the water surface when density currents cease and the surface water reaches its freezing : 
point. In shoal water, however, the mixing process can be sufficient to extend the 
freezing temperature froin the surface to the bottom. Ice crystals can, therefore, form 
at any depth in this caso. Because of their decreased density, they tend to rise to the 
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surface unless they form at .ne bottom and attach themselves there. This ice, called 
anchor ice, may continue to grow as additional ice freezes to that already formed. 
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Ficurt 3602.—Relationship between temperature of maximum density axd freezing point for water 
of varying salinity. 


3603. Ice of land origin is formed on land by the freezing of freshwater or the 
compacting of snow as layer upon layer adds to the pressure on that beneath. 

Under great pressure ice becomes slightly plastic and is forced outward and down- 
ward along an inclined surface. If a large area is relatively flat, as on the antarctic 
plateau, or if the outward flow is obstructed, as on Greenland, an ice cap forms and 
remains winter and summer. The thickness of these ice caps range from nearly 1 
kilometer on Greenland to as much as 4.5 kilometers on the Ant tic Continent. 
Where ravines or mcuntain passes permit flow of the ice, a glacier is formed. This 
is a mass of snow and ice which continuously flows to lower levels, exhibiting many of 
the characteristics of rivers of water. The flow may be more than 30 meters per day, 
but is generally much less. When a glacier reaches a comparatively level area, it spreads 
out. When a glacier flows into the sea, the buoyant force of the water breaks off pieces 
from time to time, and these float away as icebergs. Icebergs may be described as 
dome shaped, sloping or pinnacled (fig. 3603a), tabular (fig. 3603b), glacier, or weath- 
ered. 
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An iceberg seldom melts uniformly because of lack of uniformity in the ice itself, 
differences in the temperature above and below the waterline, exposure of cne side to 
the sun, strains, cracks, mechanical erosion, etc. ‘The inclusion of rocks, silt, and other 
foreign matter further accentuates the differences. As a result, changes in equilibrium 
take place, which may cause the berg to tilt or capsize. Parts of it may break off or 
calve, forming separate smaller bergs. A relatively large piece of floating ice generally 
extending 1 to 5 meters above the sea surface and normally about 100 to 300 square 
meters in area is called a bergy bit. A smaller piece of ice but one large enough to inflict 
serious damage to a vessel is called a growler because of the noise it sometim2s makes as 
it bobs up and down in the sea. Growlers extend less than 1 meter above the sea surface 
and normally occupy an area of about 20 square meters. Bergy bits and growlers are 
usually pieces calved from icebergs, but they may be formed by the melting of an ice- 
berg. The principal danger from icebergs is their tendency to break or shift positivn, 
and possible underwater extensions, called rams, which are usually formed due to the 
more intensive melting or erosion of the vnsubmerged portions. Rams may also extend 
from a vertical ice cliff, also known as an ice front, which forms the seaward face of a 
massive ice sheet or floating glacier; or from an ice wall which is the ice cliff forming the 
seaward margin of a glacier which is aground. 

As strange as it may seem, icebergs may be helpful to the mariner in some ways. 
The melt water found on the surface of icebergs is a source of freshwater, and in the 
past some daring seamen have made their vessels fast to icebergs which, because they 
are affected more by currents than the wind, have proceeded to tow them out of the 
ice pack. 

3604. Sea ice forms by the freezing of seawater and accounts for 95 percent of all 
ice encountered. The first indication of the formation of new sea ice (up to 10 centi- 
meters in thickness) is the development of small individual, needlelike crystals of ice, 
called spicules, which become suspended in tue top few centimeters of seawater. 
These spicules, also known as frazil ice, give the sea surface an oily appearance. Grease 
ice is formed when the spicules coagulate to form a soupy layer on the surface giving 
the sea a matte appearance. The next stage in sea ice formation occurs when shuga, 
an accumulation of spongy white ice lumps a few centimeters across, develops from 
grease ice. Upon further freezing, and depending upon wind exposure, seas, and salinity, 
shuga and grease ice develop into nilas, an elastic crust of high salinity up to 10 centi- 
meters in thickness with a matte surface or into ice rind, a brittle, shiny crust of low 
salinity with a thickness up to approximately 5 centimeters. A layer of 5 centimeters of 
freshwater ice is brittle but strong enough to support the weight of a heavy man. In ' 
contrast, the same thickness of newly formed sea ice will support not more than about , 
10 percent of this weight, although its strength varies with the temperatures at which | 
it is formed; very cold ice supports a greater weight than warmer ice. As it ages, sea 
ice becomes harder and more brittle. sl 

New ice may also develop from slush which is formed when snow falls into sea- | : i 
water which is near its freezing point, but colder than the melting point of snow. The - 
snow does not melt but floats on the surface, drifting with the wind into beds. If the 
temperature then drops below the freezing point of the seawater, the slush freezes 
quickly into a soft ice similar to shuga. 

Sea ice is exposed to several forces, including currents, wave motion, tides, wind, 
and temperature differences. In its early stages, its plasticity permits it to conform 
readily to virtually any shape required by the forces acting upon it. As it becomes ; es 
older, thicker, more brittle, and exposed to the influence of wind and wave action, 
new ice usually separates into circular pieces from 30 centimeters to 3 meters in diameter 
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Ficurt 3603b.—A tabular iceberg. 


and up to approximately 10 centimeters in thickness with raised edges due to individual 
pieces striking against each other. These circular pieces of ice are called pancake ice 





Ficure 3604a.—Pancake ice, with an iceberg in the background. 


(fig. 3604a) and may break into smaller pieces with strong wave motion. Any single 
piece of relatively flat sea ice less than 20 meters across is called an ice cake. With con- 
tinued low temperatures individual ice cakes and pancake ice will, depending on wind 
or wave motion, either freeze together to form a continuous sheet or unite into pieces of 
ice 20 meters or more across. These larger pieces are then called ice floes which may 
further freeze together to form an ice covered area greater than 10 kilomecers across 
known as an ice field. In wind sheltered areas thickening ice usually forms a continuous 
sheet before it can develop into the characteristic ice cake form. When sea ice reaches a 
thickness of between 10 to 30 centimeters it is referred to as grey and grey-white ice, 
or collectively as young ice, and is the transition stage between nilas and first-year ice. 
First-year ice usually attains a thickness of between 30 centimeters and 2 meters in its 
first winter’s growth. 
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Sea ice may grow to a thickness of 10 to 13 centimeters within 48 hours, after which 
it acts as an insulator between the ocean and the atmosphere progressively slowing its 
further growth. However, ses ice may grow to a thickness of between 2 to 3 meters in 
its first winter. Ice which has survived at least one summer’s melt is classified as old ice. 
If it has survived only one summer’s melt it is referred to as second-year ice. Because 
it is thicker and less dense than first-year ice, it stands higher out of the water. Old ice 
which has attained a thickness of 3 meters or more and has survived at least two sum- 
mers’ melt is known as multiyear ice and is almost salt free. Old ice may often be recog- 
nized by a bluish tone to its surface color in contrast to the greenish tint of first-year ice. 

Greater thicknesses in both first and multiyear ice are attained through the de- 
formation of the ice resulting from the movement and interaction of individual floes. 
Deformation processes occur after the development of new and young ice and are the 
direct consequence of the effects of winds, tides, and currents. These processes trans- 
form a relatively flat sheet of ice into pressure ice which has a readily observed rough- 
ness in its surface. Bending, which is the first stage in the formation of pressure ice, is 
the upward or downward motion of thin and very plastic ice. Tenting occurs when bend- 
ing produces an upward displacement of ice forming a flat sided arch with a cavity 
beneath. More frequently, however, rafting takes place as one piece of new and young 
ice overrides another. When pieces of fiist-vear ice are piled haphazardly over one 
another forming a wall or line of broken ice, referred to as a ridge, the process is known as 
: ridging. Pressure ice with topography consisting of numerous mounds or hillocks is 
called hummocked ice, each mound being called 2 hummock. 

The motion of adiacent floes is seldom equal. The rougher the surface, the greater 
is the effect of wind, since each piece extending above the surface acts as a sail. Some 
ice floes are in rotary motion as they tend to trim themselves into the wind. Since ridges 
extend below as well as above the surface, the deeper ones are influenced more by deep 
water currents. When a strong wind biows in the same direction for a considerable period, 
each floe exerts pressure on the next one, and as the distance increases, the pressure be- 
comes tremendous. Ridges on sea ice are generally about 1 meter high and 5 meters 
deep, but under considerable pressure may attain heights of 30 meters and depths of 
150 meters in extreme cases. 

The alternate melting and growth of sea ice, combined with the continual motion 
of various floes that results in separation as well as consolidation, causes widely varying 
conditions within the ice cover itself. The mean areal density, or concentration, of 
pack ice in any given area is expressed in oktcs (eighths). Concentrations range from: 
open water (total concentration of all ice does not exceed \%), very open pack (3s to 
less than % concentration), open pack (% to less than % concentration), close pack 

% to less than 3% concentretion), very close pack (3 to less than % concentration), to 
compact or consolidated pack (5 or complete coverage). The extent to which an ice 
cover of varying concentrations can be penetrated by a vessel varies from place to 
place and with changing weather conditions. With a concentration of 1 to 2 oktas in a 
given area, an unreinforced vessel can generally navigate safely, but the danger of 
receiving heavy damage is always present. When the concentration increases to 
between 2 and 4 oktas, the area becomes only occasionally accessible to an unreinforced 
vessel depending upon the vagaries of wind and current. With concentrations of 4 to 
6 oktas, the area becomes accessible only te ice strengthened vessels which on occasion 
- will require icebreaker assistance. Navigation in areas with concentrations of 6 oktas 
or more should only be attempted by modern icebreakers. 

Within the ice cover, openings may develop resulting from a number of defor- 
mation processes. Long, jagged cracks may appear first in the ice cover or through a 
single floe. When these cracks part and reach lengths of a few meters to many kilo- 
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meters, they are referred to as fractures. If they widen further to permit passage of a | 
ship, they are called leads. In winter, e thin coating of new ice may cover the water | 
within a lead, Dut in summer the water usually remains ice-free until a shift in the | 
movement forces the two sides together again. Before this occurs, lateral motion | 
generally occurs between the floes, so that they no longer fit and unless the pressure | 
is extreme, numerous large patches of open water remain. These nonlinear shaped | 
openings enclosed in ice are called polynyas Polynyas may contain small fragments | 
of floating ice and may be covered with miles of new and young ice. 

Sea ice which is formed in situ from seawater or by the freezing of pack ice of any 
age to the shore and which remains attached to the coast, to an ice wall, to an ice 
front, or between shoals is called fast ice. The width of this fast ice varies considerably 
and may extend for a few meters or several hundred kilometers. In bays and other 

: sheltered areas, fast ice, often augmented by annual snow accumulations and the 
seaward extension of land ice, may attain a thickness of over 2 meters above the sea 
surface. When a floating sheet of ice grows to this or s greater thickness and extends 
over a great horizontal distance, it is called an ice shelf. Massive ice shelfs where the 

: ice thickness reaches several hundred meters are found in both the Arctic and Antarctic. 

The majority of the icebergs found in the Antarctic do not originate from glaciers 
as those found in the Arctic, but are calved from the outer edges of broad expanses , 
of shelf ice. Icebergs formed in this manner are called tabular icebergs, having a boxlike | 
shape with horizontal dimensions measured in kilometers, and heights above the sea } 
surface approaching 60 meters. The largest antarctic ice shelves are found in the Ross 
and Weddell Seas. The expression ‘“‘tabular iceberg” is not applied to bergs which 
break off from arctic ice shelves; similar formations there are called ice islands. These 
originate when shelf ice, such as that found on the northern coast of Greenland and in the 
bays of Ellesmere Island, breaks up. As a rule, arctic ice islands are not as large as 
the tabular icebergs found in the Antarctic. They attain a thickness cf up to 55 meters 
and on the average extend 5 to 7 meters above the sea surface. Both tabular icebergs 
and ice islands possess a nearly ievel, but gently rolling surface. Because of their deep 
draft, they are influenced much more by current than wind. Both the United States 
and the U.S.S.R. have used arctic ice islands as floating scientific platforms from which 
polar research has been conducted. 

3605. Thickness of sea ice.—Sea ice has been observed to grow to a thickness of 
almost 3 meters during its first veer. However, the thickness of first-year ice that has 
not undergone deformation does not generally exceed 2 meters. In coastal areas where 
the melting rate is less than the freezing rate, the thickness may ‘ncrease during suc- | 
ceeding winters, being augmented by compacted and frozen snow, until 9 maximum | 
thickness of about 3.5 to 4.5 meters may eventually be reached. Old sea ice may also 
attain a thickness of over 4 meters in this manner, or when summer melt water from its ! 
surface or from snow cover runs off into the sea and refreezes under the ice where the j 
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The growth of sea ice is dependent upon a number of meteorological and oceano- | 
graphic parameters. Such parameters include air temperature, initial ice thickness, 
snow depth and density, wind speed, seawater salinity and density, and the specific 
heats of sea ice: ud seawater. Investigations, however, have shown that the most influ- 
ential parameters affecting sea ice growth are air temperature, wind speed, snow depth 
and density, and initial ice thickness. Many complex equations have been formulated 
to predict ic. growth using these five parameters However, except for the first two, 
these parameters are not routinely observed for remote polar locations. 











weawater temperature is below the freezing point of the fresher melt water. i 
























































































































































ICE IN THE SEA 813 


In the early 1940’s a Russian geographical scientist, N. N. Zubov, formulated an 
ice growth equation as a function of air temperature alone and based on his empirical 
observations cf ice formation along portions of the northern Russian arctic coast. Air 
temperatures arc translated into accumulated frost degree days from which theoretical 
ice thicknesses are calculated using the equation: 


i 
= 2 > DDdi 
- 2 


Tit 
Tea 


f, 


where T’; is the ice thickness in centimeters on day j and DDi is the frost degree day 
accumulation in degrees Celsius on day 1. 

A frost degree day is defined as a day with a mean temperature of 1° below an 
. arbitrary base. The base most commonly used is the freezing point of freshwater (0°C). 
If, for example, the mean temperature on a given day is 5° below freezing, then five 
frost degree days are collected for that day. These frost degree Jays are then added to 
: those collected the very next day to obtain an accumulated value, which is then added 
to the number of degree days collected the folowing day. Turis process is repeated daily 
throughout the ice growing season. Temperatures usualiy fluctuate above and below 
freezing for sevcral days before remaining below freezing. Therefore, frost degree day 
accumulations are initiated on the first day of the period when temperatures remain 
; below f.eezing. The relationship between frost degree day accumulations and theoretical 
’ ice growth curves at Point Barrow, Alaske is shown in figure 3605a. Similar curves for 
; other arctic stations are contained in publications available from the U. S. Naval 
Oceanographic Office. Figure 3665b graphically depicts the relationship between 

accumulated frost degree days (°C) and ice thickness in centimeters. 
During the winter the ice usually becomes covered with snow which insulates the 
i beneath and tends to slow down its rate of growth. This thickness of snow cover 
varies considerably from region to region as a result of differing climatic conditions. 
Its depth may also vary widely within very short distances in response to variable winds 
and ice topography. While this snow cover persists, almost 90 percent of the incoming 
radiation is reflected back to space. Eventually, however, the snow begins to melt as 
the air temperature rises above 9°C in early summer and the resulting freshwater 
forms puddles on the surface. These puddles absorb about 90 percent of the incoming 
radiation and rapidly enlarge as they melt the surrounding snow or ice. Eventually the 
puddles penetrate to the bottom surface of the floes and are known as thawholes. 
This slow process is characteristic of ice in the Arctic Ocean and seas where movement is 
restricted by the coas‘line or islands. Where ice is free to drift into warmer waters (e.g., 
= the Antarctic, East Greenland, and the Labrador Sea) decay is accelerated in response 

= to wave erosion as well as warmer air and sea temperatures. 

3606. Salinity of sea ice.—Sea ice forms first as salt-free crystals near the surface 
ze of the sea. As the process continues, these crystals ere joined together and, as they 
E at. do so, small quantities of brine are trapped within the ice. On the average, new ice 

15 centimeters thick contains 5 to 10 parts of salt per thousand. With lower tempera- 
2 ‘ures, freezing takes place faster. With faster freezing, a greater amount of salt is 
‘ trapped in the ice. 
} Depending upon the teraperature, the trapped brine may either freeze or remain 
. liquid, but because its density is greater than that of the pure ice, it tends to settle 
down through the pure ice. As it does so, the ice gradually freshens, becoming clearer, 
stronger, and more brittle. At an age of i year, sea ice is sufficiently fresh that its 
melt water, if found in puddles of sufficient size, and not contaminated by spray from 
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Figure 3605a.—Relationshiy between accumulated frost degree days and theoretical ice thickness at 
Point Barrow, Alaskz. i 


the sea, can be used to replenish the freshwater supply of a ship. However, ponds of 
sufficient size to water ships are seldom found except in ice of great age, and then much | 
of the melt water is from snow which has accumulated on the surface of the ice. When . be 
sea ice reaches an age of about 2 years, virtually all of the salt has been eliminated. 
Icebergs contain no salt, and uncontaminated melt water obtained from them is fresh. 
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Ficure 3605b.—Relationship between accumulated frost degree days (°C) and ice thickness (em). 


The settling out of the brine gives sea ice a honeycomb structure which greatly 
hastens its disintegration when the temperature rises above freezing. In this state, 
when it is called rotten ice, much more surface is exposed to warm air and water, and 
the rate of melting is increased. In a day’s time, a floe of apparently solid ice several 
inches thick may disappear completely. 

3607. Density of ice.—The density of freshwater ice at its freezing point is 9.917. 
Newly formed sea ice, due to its salt content, is more dense, 0.925 being a representative 
value. The density decreases as the ice freshens (art. 3606). By the time it has shed 
most of its salt, sea ice is less dense than freshwater ice, because ice formed in the sea 
contains more air bubbles. Ice having no salt but containing air to the extent of 8 
percent by volume (an approximately maximum value for sea ice) has a density of 0.845. 

The density of land ice varies over even wider limits. That formed by freezing 
ef freshwater has a density of 0.917, as stated above. Much of the land ice, however, 
is formed by compacting of snow. This results in the entrapping of relatively large 
quantities of air. Névé, a snow which has become coarse grained and compact through 
temperature change, forming the transition stage to glacier ice, may have an air content 
of as much as 50 percent by volume. By the time the ice of a glacier reaches the sea, 
its density approaches that of freshwater ice. A sample taken from an iceberg on the 
Grand Banks had a density of 0.899. 

When ice floats, part of it is above water and part is below the surface. The per- 
centage of the mass below the surface can be found by dividing the average density of 
the ice by the density of the water in which it floats. Thus, if an iceberg of density 
0.920 floats in water of density 1.028 (corresponding to a salinity of 25 parts per thou- 
sand and a temperature of —1°C, or 30°F), 89.5 percent of its mass will be below the 
surface. That is, about nine-tenths of the mass will be below the surface, and only 
about one-tenth will be above che surface. 

Tho height to draft ratio for a blocky cr tabular iceberg probably varies fairly 
closely about 1:5. This average ratio was computed for icebergs south of Newfoundland 
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by considering density vulues and a few actual measurements, and by seismic means at} 

a number of locations along the edge of the Ress Ice Shelf near Little America Station. | 
| It was also substantieted by density measurements taken in a nearby hole drilled | 

through the 256-meter thick ice shelf. The height to draft ratios of icebergs become 
significar.t when determining their drift (art. 3609). 

3608. Drift of ice—Although surface currents have some effect upon the drift of 
pack ice, the principal factor is wind. Due to Coriolis force (art. 3803), ice does not drift 
in the direction of the wind, but varies from approximately 18° to as much as 90° from 
this direction, depending upon the force of the surface wind and the ice thickness. In 
the Northern Hemisphere, this drift is to the right of the direction toward which the 
wind blows, and in the Southern Hemisphere it is toward the left. Although early in- 
vestigators computed average angles of approximately 28° or 29° for the drift of close. 
multiyear pack ice, large drift angles were usually cbserved with low rather than high. 
wind speeds. The relaticnship between surface wind speed, ice thickness, and drift! 
angle, shown in figure 3608, was derived theoretically for the drift of consolidated pack! 
under equilibrium (a balance of forces acting on t} e ice) conditions, and shows that the | 
drifi angle increases with increasing ice thickness and decreasing surface wind speed. 
A slight increase also occurs with higher latitude. 

Since the cross-isobar deflection of the surface wind over the oceans is approximately 3 
20°, the deflection of the ice varies from approximately along the isobars to as much asé 
70° to the right of the isobars, with low pressure on the left and high pressure on the 
. right in the Northern He:aisphere. The positions of the low and high pressure areas are, 

of course, reversed in the Southern Hemisphere. The drift angles that are given in 
figure 3608a may be used for all ice concentrations and polar latitudes. 7 
The rate of drift, compiled from observations of ice drift along the northern Russian 
coast bordering the Chukchi Sea, is presented in table 3608. Rates are given as a 
percentage of the surface wind speed and depend upon the roughness of the surface 
and the concentration of the ice. Percentages vary from approximately one quarter 
of 1 percent to almost 8 percent of the surface wind speed measured approximately 
€ meters above the ice surface. Low concentrations of heavily ridged or hummocked 5 _ 
- floes drift faster than high concentrations of lightly ridged or hummocked floes with the j 
same wind speed. From table 3608 it can be seen that sea ice of 6 to 7 okta concentra- 
tions and six tenths hummocking or close multiyear ice will drift at approximately 2 
percent of the surface wind speed. Additionally, the response factors of 1 and 4 okta ice | 
concentrations respectively, are approximately three times and twice the magnitude of © 
the response factor for 7 okta ice concentrations with the same extent of surface rough- 
ness. Although a maximum ice drift to surface wind speed ratio of approximately 8° 3} 
percent is indicated by table 3608, isolated ice floes have been observed to drift as: : . 
fast as 10 percent to 12 percent of strong surface winds. : “¢ 
The rates with which sea ice drifts have been quantified thrcugh empirical observa- : i 
tion. The drift angle, however, has been determined theoretically for 8 okta ice concen- 3 
- trations. This relationship presently is extended to the drift of all ice concentrations 2 
due to the lack of basic knowledge of the dynamic forces that act upon and result in 3 
redistributions of sea ice in the polar regions. 

3609. Iceberg drift.—Icebergs extend a considerable distance below the surface 
and have relatively small “sail areas” compared to their subsurface mass. Therefore, . 
the near-surface current is thought to be primarily responsible for drift; however, * 
obser ‘ations have shown that wind can be the dominant force that governs iceberg 
drift at a particular location or time. Also, the current and wind may contribute nearly Re 
equally to the resultant drift. 
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ICE CONCENTRATION (OKTAS) 
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Tazcr 3608.—Rate of the wind drift of sea ice (given as a percent of the surface wind speed) for 
varying ice concentration and surface roughness. 


Oone* 
Co oo Ct 


(TENTHS) 
PAP WN HS 
Qn kam ~a.07 
SHODBRAS 
PPWN DY eo 
IO b 
DADOAA SD 
VINK Arowrntd3S | 
CHATDOSOaAARad 
PYnNN ee OO 
SONNE Se Se 
YYrreEooS 
YONI ROManN 
ArPrwnowmnnrwna 


N 
2 
roc) 


EXTENT OF RIDGING & 
HUMMOCKING 
oo 
or 
wn 


OWOWNIMOAP WH 
SP PSP yee & 


ad 
o> 
— 


Two other major forces which act on a drifting iceberg are the Coriolis force and, | 


to a lesser extent, the pressure gradient force which is caused by gravity owing to a tilt 
of the sea surface and is important only for iceberg drift in a major current. Near- 
surface currents ere generated by a variety of factors such as horizontal pressure gra- 
dients owing to density variations in the water, rotation of the earth, gravitational 
attraction of the moon, and slope of the sea surface. Wind not only acts directly on 
an iceberg, but also indirectly by generating waves and a surface current in about the 
same direction as the wind. Because of inertia, an iceberg may continue to move from the 
influences of wind for some time after the wind stops or changes direction. 

The relative influence of currents and winds on the drift of an iceberg varies 3 
according to ti:e direction and magnitude of the forces acting on its sail area and sub- 3 
surface cross-sectional area. The resultant force therefore involves the proportions of § 
the iceberg above and below the sea surface in relation to the velocity and depth of the % 
current, and the velocity and duration of the wind. Studies tend to show that, generally, 4 
where strong currents prevail, the current is dominant. In regions of weak currents, § 
however, winds that blow for a number of hours in a steady direction materially affect 3 
the drift of icebergs. Generally, it can be stated that currents tend to have a greater j 
effect, on deep-drafted icebergs, while winds tend to have a greater effect on shallow- } 
drafted icebergs. 

As icebergs waste through melting, erosion, and calving, observations indicate the 
height to draft ratio may approach 1:1 during their last stage of decay when they are 
referred to as valley, winged, horned, or spired icebergs. The height to draft ratios found 
for icebergs in their various stages are presented in table 3609a. Since v.ind tends to 
have a greater effect on shallow than deep-drafted icebergs, the wind can be expected 
to exert increas ing influence on iceberg drift as wastage increases. 

Iceberg ty Height to draft raito 
Blocky or tabular 
Rounded or domed 
Picturesqv + or Greenland (sloping) 

Pinnacled or ridged, 
Horned, winged, vauey sired (weathered) 


TABLE ?°.yJa.—Height to draft ratios for various types of icebergs. 


Simple eo-ations which precisely dcfine iceberg drift cannot be formulated at 
present because of the uncertainty in the water and air drag co>fficients associated with 
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iccberg motion. Values for these parameters not only vary from iceberg to iceberg, 
but they probably chenge for the same iceberg over its period of wastage. 

Present investigations utilize an analytical approach facilitated by computer 
calculations in which the air and water drag coefficients are varied within reasonable 
limits. Combinations of these drag values are then used in several increasingly complex 
water models that try to duplicate observed icet erg trajectories. The results indicate 
that with a wind generated current, Coriolis force, and a uniform wind, but without a 
gradient current, small and medium icebergs will drift with the percentages of the wind 
as given in table 3609b. The drift will be to the right in the Northern Hemisphere and 
to the left in the Southern Hemisphere. 





Wind Speed 








(knols) Ice Speedj Wind Speed (percent) Drift Angle (degrees) 
Small Berg Med. Berg Small Berg Med. Berg 
10 3.6 2.2 12 69 
20 3.8 3.1 14 55 
80 4.1 3.4 17 36 
40 4.4 3.5 19 33 
50 4.5 3.6 23 32 
60 4.9 3.7 24 31 


TaBLE 3609b.— Drift of iceberg as percentage of wind speed. 


When gradient currenis are introduced, trajectories vary considerably depending 
on the magnitude of the wind and current and whether they are in the same or opposite 
direction. When a 1-knot current and wind are in the same direction, drift is to the 
right of both wind and current with drift angles increasing linearly from approximately 
5° at 10 knots to 22° at 60 knots. When the wind and a 1-knot current are in opposite 
directions, drift is to the left of the current with the angle increasing from appreximately 
8° at 10 knots, to 20° at 30 knots, and to 73° at 60 knots. As a limiting case for in- 
creasing wind speeds, drift may be approximately normal (to the right) to the wind 
direction. This indicates that the wind generated current is clearly dominating the 
drift. In general, the various models used demonstrated that a combination of the wind 
and current was responsible for the drift of icebergs. 

3610. Extent of ice in the sea.—When an area of sea ‘ce, no matter what form it 
takes or how it is disposed, is described, it is referred to as pack ice. In both polar 
regions the pack ice is a verv dynamic feature with wide deviations in its areal extent 
dependent upon changing oceanographic and meteorological phenomena. In winter 
the arctic pack extends over the entire Arctic Ocean and for a varying distance out- 
ward from it; the limits receding considerably during the warmer summer months. 
Each year a large portion of the ice from the Arctic Ocean moves outward between 
Greenland and Spitsbergen, into the North Atlantic, and is replaced by new ice. Rel- 
atively little of the arctic pack ice is more than 10 years old. An example of the vari- 
ance possible in the outer limit of the arctic ice pack is shown in figure 3610a where 
the average positions of the maximum and minimum extents of sea ice are plotted. 

Ice covers a Jarge portion of the antarctic waters and is probably the greatest 
single factor contributing to the isolation of the Antarctic Continent. During the austral 
winter (June through September), ice completely surrounds the continent, forming an 
almost impassable barrier that extends northward on the average to about 54°S in 
the Atlantic and to about 62°S in the Pacific. Disintegration of the pack ice during the 
austral summer months of December through March allows the limits of the ice edge to 
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recede considerably opening some coastal areas of the Antarctic to navigation. The mean 
maximum and megan minimum positions of the antarctic ice limit are shown in figure 
3610b. 

Historical informaticn on sea conditions for specific localities and time periods can | 
be found in publications of the U. S. Naval Oceanographic Office and the Defense! 
Mapping Agency Hydrographic Center. Such publications include sailing directions, ' 
forecasting guides, and ice atlases. 

3611. Ice in the North Atiantic.—-Sea level glaciers exist. on a number of landmasses 
bordering the northern seas, inlluding Alaska, Gree 'and, Svalbard (Spitsbergen), 
Zemlya Frantsa-losifa (Franz Josef Land), Noyaya Zemlya, end Severnaya Zemlya 
(Nicholas II Land). Except in Greenland, the rate of calving is relatively slow, and the 
few icebergs produced melt near their points of formation. Many of those produced 
along the coasts of Greenland, however, are eventually carried into the shipping lanes of 
the North Atlantic, where they constitute a major menace to ships. 

Generally the majority of icebergs produced along the cast coast of Greenland 
remain near their source of origin. However, a small number of bergy bits, growlers, 
and small icebergs are transported from this region by the East Greenland Current 
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Fiaure 3610a.—Average maximum and minimum extent of arctic sea ice. 
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around Kap Farvel at the southern tip of Greenland and then northward by the West 
Greenland Current into Davis Strait to the vicinity of 67°N. Relatively few of these 
icebergs menace shipping but some are carried to the south and southeast of Kap 
Farvel by a counterclockwise current gyre centered near 57°N and 43°W. 

The main source of the icebergs encountered in the North Atlantic is the west coast 
of Greenland between 67°N and 76°N where approximately 7,560 icebergs are formed 
each year. In this area there are about 160 low lying coastal glaciers, 20 of them being 
the principal producers of icebergs. Of these 20 major glaciers, 2 located in Disko 
Bugt between 69°N and 70°N are estimated to contribute 28 percent of all icebergs 
appearing in Baffin Bay and the Labrador Sea. The West Greenland Current carries 
icebergs from this area northward and then westward until they encounter the south 
flowing Labrador Current. West Greenland icebergs generally spend their first winter 
locked in the Baffin Bay pack ice; however, a large number can also be found within 
the sea ice extending along the entire Labrador coast by late winter. During the next 
spring and summer, when they are freed by the break up of the pack ice, they are 
transported further southward by the Labrador Current. The general drift patterns of 
icebergs that are prevalent in the eastern portion of the North American Arctic are 
she . in figure 3611a. Observations over a 69-year period show that an average of 365 
ic ©. ‘gs per year reach latitudes south of 48°N, with approximately 10 percent of this 


Fieure 3610b.—Average maximum and minimum extent of antarctic sea ice. 
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total carried south of the Grand Banks (43°N) before they melt. Icebergs may be § 
encountered during any part of the year, but in the Grand Banks area they are most! 
numerous during spring. The maximum monthly average of iceberg sightings occur : 
during April, May, and June, with May having the highest average of 124. 

The variation from average conditions is considerable. More than 1,587 icebergs 
have been sighted south of latitude 48°N in a single year (1972), while in 1966 not a 
single iceberg was encountered in this area. In the years of 1940 and 1958 only one! 
iceberg was observed soutn of 48°N. Although this variation has not been fully ex-| 
plained, it is apparently related to wind corditions, the distribution of pack ice in 
Davis Strait, and to the amount of pack ice off Labrador. It has been suggested that: 
the distribution of the Davis Strait-Labrador Sea pack ice influences the effectiveness! 
of this ice in holding back the icebergs According to this theory, when pack ice is! 
heavy along the Labrador coast, the icebergs are forced well offshore, where warmer! 
water causes them to melt before they reach the North Atlantic shipping lanes; but | 
when the pack ice is not sufficient Zor this, the icebergs drift closer to shore, where : 
there is colder water whicn prolongs their existence. 

Average iceberg and pack ice limits in this area dumng April, May, and June ma 
shown in figures 3611, 3611c, and 3611d. Icebergs have been observed in the vicinity | 
of Bermuda, the Azores, and within 400 to 500 kilometers of Great Britain. 

Pack ice may also be found in the North Atlantic, some having keen brought south 4 4 
by the Labrador Current and some coming through Cabot Strait after having formed i in} 
the Gulf of St. Lawrence. 
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3612. The International Ice Patrol was established in 1914 by the Intemational | 
Convention for the Safety of Life at Sea, held in 1913 as a result of the sinking of 


SS Titanic in 1912. On its maiden voyage this vessel struck an iceberg and sank with 


the loss of 1,513 lives. In accordance with the agreement reached at the convention, this 
patrol is conducted by the U. S. Coast Guard, which is responsible for the observations 
and dissemination of information concerning ice conditions in the North Atlantic. 
Information on ice condiuons for the Gulf of St. Lawrence and. the ccastal waus of 


Newfoundland and Labrador, including the Strait of Belle Isle to west of Belle Isle 


itself, is provided by the Canadian Ministry of Transport between the months of 
December through late June. Ice data for these areas are obtained from the Ice Opera- 
tions Officer located at Dartmouth, Nova Scotia via Sidney or Halifax marine radio 
During each ice season, aerial reconnaissance surveys are made in the vicinity 
of the Grand Banks of Newfoundland to determine the southeastern, southern, and | 
southwestern limit of the seaward extent of icebergs. During the war years of 1916-18 | 
and 1941-45 the patrol was suspended. Aircraft were added to the patrol force following | 
World War II, and today perform the majority of the work. Reports of ice sightings | 
are also requested and collected from ships transiting the Grand Banks area. When 
reporting ice, vessels are requested to detail the type of ice (icebergs or sea ice) sighted, 
its position, concentration and thickness (for sea ice), and size and shape (for icebergs). | 
In addition to ice reports, masters who do not issue routine weather reports, 
are urged to make <ea surface temperature and weather reports to the Ice Patrol every , 
6 hours within latitudes 40° to 50°N and longitudes 42° to 60°W. : 
Operations of the Ice Patrol are directed from the U. S. Coast Guard Base, Gov- ; 
ernors Island, New York. Regularly scheduled bulletins are issued by the Ice Patrol | 
twice daily during the ice season by radio and landline communications from Boston, , 
Massachusetts. When icebergs are sighted outside the known limits of ice, special ' 
broadcasts are issued from St. Johns, Newfoundland, betw2en those regularly scheduied. 
Iceberg positions in the ice bulletins are updated for drift at 12-hour intervals A radio- 
facsimile chart is also broadcast once a day throughout the ice season. The Ice Patrol, 
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Figure 3611a.—General drift pattern of icebergs. 
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Figure 3511b.—Average iceberg and pack ice limits during the month of April. 


in addition to patrolling possible iceberg areas, conducts oceanographic surveys, main- | 
tains up-to-date records of the currents in its area of operation to aid in predicting . 
the drift of icebergs, studies sea ice conditions in general, and offers assistance, if the 
need arises, to ships within the limits of its operation. ! 

3613. Ice detection—Safe navigation in the polar seas depends on a number én i 
factors, not the least of which is accurate knowledge of the location and amount of sea | 
ice that lies between the mariner and his destination. Sophisticated electronic equip- | 
ment such as radar, sonar, and the visible, infrared, and microwave radiation remote : 
sensors on board earth orbiting satellites have joined forces with the polar traveler’s 
own eyesight and, in some cases, hearing to aid him in detecting ice in the sea. 

As a ship proceeds into higher latitudes, the first ice it encounters is likely to be . 
in the form of icebergs, because such large pieces require a longer time to disintegrate. i 
Icebergs can easily be avoided if detected soon erough. The distance at which an ; 
iceberg can be seer visually depends upon meteorolcgical visibility, height of the ice- 
berg, source and condition of lighting, and the observer. On a clear day with excellent -- 
visibility, a large iceberg, due to its brilliant lustc., might be signted at a distance of 
almost 35 kilometers. With a low-lying haze around the horizon, this distance may be | 
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Ficurr 3611c.—Average iceberg and pack ice limits during the month of May. 


reduced by one-half. In light fog or drizzle this distance is further reduced from 1,850 
meters to 5.5 kilometers. 

In a dense fog an iceberg may not be perceptible at a distance of over 100 meters 
or until it is close aboard where it will appear in the form of a luminous, white object 
if the sun is shining; or as a dark, somber mass with a narrow streak of blackness at the 
waterline if the sun is not shining. If the layer of fog is not too thick, an iceberg may be 
sighted from aleft sooner than from a point lower in the vessel, but this fact should not 
be considered justification for omitting a bow lookout. The diffusion of light in a fog 
will produce a blink, or area of whiteness, above and at the sides of an iceberg which 
will appear to increase the apparent size of its mass. 

On dark, clear nights icebergs may be seen at a distance of from 1,850 meters to 4 
kilometers, appearing cither as white or black objects with an occasional light spot 
where a wave breaks against it. Under such conditions of visibility growlers are a 
greater menace to vessels, and the vessel’s speed should be reduced and a sharp lookout 
maintained. 

The moon may either help or hinder, depending upon its phase and position 
reletive to ship and iceberg. A full moon in the direction of the iceberg interferes with 
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Figure 3611d.—Average iceberg and pack ice limits during the month of June. 


nm aE OnE RMAC RN RAAT NNN oH = « 
H 


its detection, while light from one in the opposite direction may produce a blink which 
renders the iceberg visible for a greater distance, possibly as much as 5.5 kilometers. A; 
clouded sky at night, through which the moonlight is intermittent, also renders ice! 
detection difficult. A night sky with heavy passing clouds may also dim or obscure any} 
object which has been sighted, and fleecy cumulus and cumulonimbus clouds often} 
may give the appearance of blink from icebergs. ' . 
If an iceberg is in the process of disintegration, its presence may be detected by! 
the cracking sound as a piece breaks off, or by the thunderous roar as a large piece falls; 
into the water. The appearance of smaller pieces of ice in the water often indicates’ 
the presence of an iceberg nearby. In calm weather such pieces may form a curved line 
with the parent iceberg on the concave side. Some of the pieces broken from an iceberg, 
are themselves large enough to be a menace to ships. | 
As the ship moves closer towards areas known to contain sea ice, one of the mest | 
reliable signs that pack ice is being approached is the absence of swell or wave motion j 
in a fresh breeze or a sudden flattening of the sea, especially from leeward. The observa-* 
tion of icebergs in itself is not a good indication that pack ice will be encountered scon, 
since icebergs may be found at great distances from pack ice. If the sea ice is appreached , 
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from windward, it is usually compacted and the edge will be sharply defined. However, 
iif it is approached from leeward, the ice is likely to be loose and somewhat scattered, 
often in Jong narrow arms. 

Another reliable sign of the approach of pack ice, not yet in sight. is the appearance 
of a pattern, or sky map, on the horizon or on the underside of distant, extensive cloud 
areas, created by the varying amounts of light reflected from different materials on the 
sea or earth’s surface. A bright white glare, or snow blink, will be observed above a snow 
covered surface. When the reflection on the underside of clouds is caused by an accumu- 
lation of distant ice, the glare is a little less bright and is referred to as an ice blink. 
A relatively dark pattern is reflected on the underside cf clouds when it is over land 
that is not snow covered. This is known as a land sky. The darkest pattern will occur 
when the clouds are above an open water area, and is called a water sky. A mariner 
experienced in recognizing the sky maps detailed ebove will find them usefui in avoiding 
ice or searching out openings which may permit his vessel to make progress while pro- 
ceeding through an ice field. 

Another indication of the presence of sea icc is the form tion of thick bands of fog 
over the ice edge as moisture condenses from warm air as it passes over the colder ice. 
An abrupt change in air or sea temperature or seawater salinity is not a reliable sign 
of the approach of icebergs or pack ice. However, a drop in the seawater temperature 
‘to 121C may be en indication that a ship is within 90 kilometers of pack ice. 

The presence of certain species of animels and birds van also indicate that pack 

.ice is in close proximity. The sighting of walruses, seals. or polar bears in the Arctic 
‘should warn the mariner that pack ice is close at hand. In the Antarctic, the usual 
tprecursors of sea ice are penguins, terns, fulmars, petrels, and skuas. The mariner will 
-do well to observe the habits of all species encountered, for the information gained will 
«be useful on subsequent journeys. 

When visibility becomes limited, radar can prove to be en invaluable tool for the 
polar mariner. Although many icebergs will be observed visually on clear days before 
‘there is a return on the radarscope, radar under bad weather conditions will detect the 
-average iceberg at a range of about 15 to 18 kilometers. The intensity cf the return is a 
function of the nature of the iceberg’s exposed surface (slope, surface roughness) ; 
however, it is unusual to find an iceberg which will not produce a detectable echo. 

Large, vertical-sided tabular icebergs of the antarctic and arctic ice islands are 
usually detected by radar at ranges of 28 to 55 kilometers, with ranges of 68.5 kilo- 
meters having been reported. 

Whereas a large iceberg is almost always detected by radar in time to be avoided, 
a growler large enough to be a serious menace to a vessel may be lost in the sea return 
and escape detection. If an iceberg or growler is detected by radar, tracking is sometimes 
necessary to distinguish it from a rock, islet, or another ship. 

Radar can be of great assistance to one experienced in interpreting the radarscope. 
Smooth see ice, like smooth water, returns little or no echo, but small floes of rough, 
hummocky sea ice capable of inflicting damage to a ship can be detected in a smooth 
sea at a range of about 4 to 6 kilometers. The return may be similar to sea return, but the 
same echoes appear at each sweep. A lead in smooth ice is clearly visible on a radarscope, 
even though a thin coating of new ice may have formed in the opening. A light covering 
of snow obliterating many of the features to the eye has littie effect upon a radar return. 
The ranges at which ice can be detected by radar are somewhat dependent upon refrac- 
tion, 1 hich is sometimes quite abnormal in polar regions. Adequate training and ex- 
perience are essential if full h- ~4fit is to be realized from radar. 

Echoes from the ship’s - ‘istle or horn will sometimes indicate the presence of 
icebergs. Such echoes can give an indication of direction. If the time interval between the 




























sat eG ALTER NAS BENNER A eS 
1 oe t 
1 


coe aaa at pment ames nemmnernenn = ot 8 amemme amNoe 






















































































































































































828 ICE IN THE SEA 


sound and its echo is measured, the distance in meters can be determined by shail 
plying the number of seconds by 168. However, echoes are not a reliable indicatior| 
because only those pieces of ice with large vertical areas facing the ship return enionen 
echo to be heard. Also, echoes might be received from land or a fog bank. i 

At relatively short ranges, sonar is sometimes helpful in locating ice. The initial! 
detection of icebergs may be made at a distance of about 5 kilometers or more, but: 
usually considerably Jess. Growlers may be detected at a distance of 900 meters to 2.5: 
kilometers, and even smaller pieces may be detected in time to avoid them. Since 
one-half to seven-eighths of the mass of an iceberg may lie below the surface, the 
underwater portion presents a better target than the portion above water. 
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Frevrr 3613a.—Example of satellite imagery with a resolution of 0.9 kilometer. 


















































































































































ICE IN THE SEA 


Ice in the polar regions is best detected and observed fiom the air either from air- 
* graft or by satellite remote sensing surveillance systems. Fixed-winged aircraft have 
been utilized extensively for obtaining detailed aerial ice reconnaissance information 

’ since the early 1930’s and wili no doubt continue to provide this invaluable service for 
many years to come. Some ships, particularly icebreakers, proceeding into high lati- 
tudes carry helicopters, which are invaluable in locating ice and determining the 
relative navigability of different portions of the ice pack. If these helicopters, their 
support vessels, or aircraft flying aerial reconnaissance can be contacted by radio, 
much useful information will be obtained from them. Ice reports from personnel at 
arctic and entarctic coastal shore stations can also prove valuable to the polar mariner. 
The enormous ice reconnaissance capabilities of meteorological satellites were 
confirmed within hours of the launch by the Nationa] Aeronautics and Space Admin- 
istration (NASA) of the first experimental meteorological satellite, TIROS I, on 
April 1, 1960. Although this satellite was placed in an equatorial orbit, it was able to 
detect ice covered waters in the Gulf of St. Lawrence-Newfoundiand region. With the 
advent of the polar-orbiting meteorological satellites during the mid and late 1960's, 
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the U. S. Navy initiated an operational satellite ice reconnaissance program which | 
could, , depending upon solar illumination, observe ona daily basis ice and us mov ement J 
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Selnton infrared and visible scanning radiometers (SR); very high ealuiion radi-f 
ometers (VHRR), also in the visible and infrared spectrum; and microwave systems; 
detailed global satellite ice data were made available under all weather and lighting 
conditions with resolutions in some cases below 100 meters. Examples of satellite 
imagery of ice covered waters are shown in figures 3613a and 3613b. 

Utilizing portable Automatic Picture Transmission (APT) equipment, which can 
easily be installed aboard ships or aircraft, visible and infrared radiation data trans-| 
mitted from operational satellites can be collected during a satellite’s passage overhead.! 
In this manner ice data from the satellite’s scanning radiometers can be received byj 
APT stations anywhere in the polar regions during the time they are in the line of sight} 
of the satellite. Portable APT equipment is generally small and inexpensive, usually} 
consisting of a receiver with a camera pack, a scanning radiometer adapter, a tape| 
recorder for later data play back, and an omnidirectional antenna for ship and aircraft| 
use. A printed display is available with the addition of a mini-computer that alse en-} 
hances the image and a small printer to display the digitized data. Generai ipfora| 
tion relating to operational satellites, various APT systems, types and modes of satel- 
lite data available, and transmission frequencies and times can be obtained from thel 
National Environmental Satellite Service, National Oceanic and Atmospheric Ad-3 
ministration, Washington, D.C. 

3614. Operations in ice.—Operations in the polar regions necessarily require 
considerable advanced planning and many more precautionary measures than those 
taken prior to a typical open ocean voyage. The crew, lares r small, of a polar-bound 
vessel should be thoroughly indoctrinated in the fundan itals of polar operaticns, 
utilizing the best information sources available. The subjects covered should include 
training in shiphanaling in ice, polar navigation, effects of low temperatures on materials 
and equipment, damage control procedures, communications problems inherent in 
poler regions, polar meteorology, sea ice terininology, ice observing and reporting 
procedures (including classificaticn and codes) and polar survival. Training materials 
should consist of reports on previous arctic and antarctic voyages, sailing directions, 
ice atlases, training films on polar operations, and U.S. Navy service menuals detailing} 
the recommended procedures to follow during high latitude missions. Information relat-| 
ing to sources of information can be obtained from the Director, Naval Oceanography 
and Meteorology Command, Bay St. Louis, Mississippi, and from the Office of Polar 
Programs, National Science Foundation, Washington, D.C. 

The preparation of a vessel for polar operations is of extreme importance and the 
considerable experience gained from previous operations should be drawn upon to bring; 
the ship to optimum operating condition. At the very least, operations conducted in: 
ice infested waters require that the vessel’s hull and propulsion system undergo certain , 
modifications. be 

The bow and waterline of the forward part of the vessel should be heavily rein-.. 
forced. Similar reinforcement should also be considered for the propulsion spaces of 
the vessel. Cast iron propellers and those made of a bronze alloy do not possess the 
strength necessary to operate safely in ice. Theresore, it is strongly recommended that - 
propellers made of these materials be replaced by those fabricated from steel. Other. 
desirable features are the absence of vertical sides, deep placement of the propellers, 
2 blunt bow, metal guards to protect propellers from ice damage, and lifeboats for 150 
percent of personnel aboard. The complete list of desirable features depends upon the 
area of operations, types of ice to be encountered, length of stay in the vicinity of ice, 
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i 
i 
| 
i 
anticipated assistance by icebreakers, and possibly other factors. Strength require- | 
ments and the minimum thicknesses deemed necessary for the vessel’s frames and : 
additional plating to be used as reinforcement, as well as other procedures needed to i 
outfit a vessel for ice operations, can be obtained from the American Bureau of Shipping. | 
‘ For a more definitive and complete guide to the ice strengthening of ships, the mariner_ i 
may desire to consult the procedures outlined in Rules for Ice Strengthening of Ships, i 
from the Board of Navigation, Helsinki, Finland. 
Equipment necessary to meet the basic needs of the crew and io insure the success- 
ful and safe completion of the polar voyage should not be overlooked. A minimum list 
of essential items should consist of polar clothing and footware. food, vitamins, medical 
supplies, fuel, storage batteries. antifreeze, explosives, detonators, fuses, meteorological 
supplies, and survival kits containing sleeping bags, trail rations, firearms, ammuni- 
tion, fishing gear, emergertcy medical supplies, and a repair kit. 
Whatever the nature of the vessel, it wil! be subjected to various hazards which 
“ may cause damage. Its safety depends largely upon the thoroughness of advance prep- 
arations, the alertness and skill of its crew, and their ability to make repairs if damage 
is incurred. Spare propellers, rudder assemblies, and patch materials, together with : 
the equipment necessary to effect emergency repairs of structural damage should be : ; 
carried. Examples of repair materials needed include quick setting cement, oakum, 
canvas, timbers, planks, pieces of iron of varying shapes, welding equipment, clamps, 
and an assortment of nuts, bolts, washers, screws, and nails. 
Ice and snow accumulation on portions of the vessel poses « definite safety hazard. 
Therefore, mallets, hammers, and scrapers to aid in the re.noval of heavy accumu- 


vA lations of ice, together with 2 supply of snow sho~els and stiff brooms for snow removal 
should be provided. 
Be Navigation in polar waters is, even under optimum conditions, difficult and, 


during poor conditions, almost impossible. Environmental conditions encountered in 
the high latitudes such as fog, storms, compass anomalies, atmospheric effects, and, 
of course, ice, hinder polar operations. Also, deficiencies in the reliability and detail of 
hydrographic and geographical information presented on polar navigation charts 
coupled with a distinct lack of reliable bathymetry, current, and tidal data add to the 
problems of polur navigation. Much work is being carried out in the polar regions to 
improve the geodetic control, triangulation, and quality of hydrographic and topographic 
information necessary for accurate polar charts; however, until this massive task is 
Z : completed, the only resource oper. to the polar navigator, especially during periods of 
: poor environmental conditions, is to rely upon the basic principles of navigation and 
adapt them to unconventional methods when abnormal situations arise. A guide to 
- polar navigation is presented in chapter XXYV. 

Upon the approach to pack ice, a careful decision is needed to determine the best ; 
action. Often it is possible to go around the ice, rather than through it. Unless the pack : “a 
«15 quite loose, this action usually gains rather than loses time. When skirting an ice 
field or an iceberg, do so to windward, if a choice is availeble, to avoid projecting 
tongues of ice or individual pieces that have been blown sway from the main body of ice. 
a When it becomes necessary to enter pack ice, a thorough examination of the dis- 
: tribution and extent of the ice conditions siould be made beforehand from the highest 
possible location. Aircraft (particularly helicopters) and direct satellite readouts are . 
of great value in determining the nature of the ice to be encountered. The most import- a 

{ ant features to be noted include the location of open water such as leads and polynyas . 
* which may be manifested by water sky. icebergs, and the presence or absence of both 
ice under pressure and rotten ice. Some pru:cction may be offered the propeller and 
rudder assemblies by trimmiug the vessel down by the stern slightly (at no time more 
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than 60 or 90 centimeters) prior to entering the ice; however, this precaution usually | 
impairs the maneuvering characteristics of most ‘vessels not specifically built for | 
icebreaking. | 
Selection of the point of entry into the pack should be undertaken with great care; 
and if the ice boundary consists of closely packed ice or ice under pressure, it is advisable! 
to skirt the edge until a more desirable point of entry is located. Seek areas with low ice: 
concentrations, areas of rotten ice or those containing navigable leads, and if possible. 
enter from leeward on a course perpendicular to the ice edge. It is also advisable to take. 
into consideration the direction and force of the wind, and the set and drift of the pre- 
vailing currents when determining the point of entry and the course followed thereafter. | 
Due to wind induced wave action, ice floes close to the periphery of the ice pack will’ 
take on a bouncing motion which can be quite hazardous to the hull of thin-skinned) 
vessels. In addition, keep in mind that pack ice will drift slightly to the right of the lee 
of the true wind in the Northern Hemisphere and to the loft of the lee in the Southern 
Hemisphere (art. 3608), and that leads opened by the force of the wind will appear. 
perpendicular to the wind direction. If a suitable entry point cannot be located due to: 
Jess than favorable conditions, one should be patient. Unfavorable conditions generally! 
improve over a short period of time by a change in the wind, tide, or sea state. 
Having entered the pack, always work with the ice, not against it, and keep moving,| 
but do not rush the work of negotiating the pack. Patience may yay big dividends. 
Respect the ice but do not fear it. Proceed at slow speed at first, staying in open water, 
or in areas of weak ice if possible. The vessel’s speed may be safely increased after it! 
has been ascertained how well it handles under the varying ice conditions encountered. 
Remember that it is always better to make good progress in the general direction de- 
sired than to fight large thick floes in the ezact direction to be made good. However, 
avoid the temptation to proceed far to one side of the intended track; it is almost always! 
better to back out and seek a more penetrable area. During those situations when it: 
becomes necessary to back, always do so with extreme caution. 
Ice conditions may change rapidly while a vessel is working in pack ice, necessitat-j 
ing some quick maneuvering. It must never be forgotten that conventional vessels, 
even though ice strengthened, are not built for ice navigation. The vessel should be 
conned to first attempt to place it in leads or polynyas, giving due consideration to wind 
conditions. The age, thickness, and size of ice which can be broken depends upon the 
type, size, strength, and shaft horsepower of the vessel employed. If contact with an 
ice floe is unavoidable, never strike it a glancing blow. This maneuver may cause the 
ship to veer off in a direction which will swing the stern into the ice. If possible seek weak 
spots in the floe and hit it head-on at slow speed. Unless the ice is rotten or very young, 
do not attempt to break through the floe, but rather make an attempt to swing it aside 
as speed is slowly increased. Keep clear of corners and projecting points of ice, but do so 
without making sharp turns which may throw the stern against the ice, resulting in a 
damaged propeller, propeller shaft, or rudder. The use of full rudder, in non-emergency 
situations, is not recommended because it may swing either the stern.or mid-section of: 
the vessel into the ice. Keep a sharp watch on the propellers and rudder, fending off: 
with long ice poles pieces of ice which might damage these vital parts. Stop the pro-. 
pellers only if ice cannot be avoided. | 
Offshore winds may open relatively ice free navigable coastal leads, but such leads: 
should not be entered without benefit of icebreaker escort. If it becomes necessary to 
enter coastal leads, narrow straits, or bays, an alert watch should be maintained since 
a shift in the wind may force drifting ice down upon the vessel. An increase in wind on 
the windward side of a prominent point, grounded iceberg, or land ice tongue extending 
into the sea will similarly endanger o vessel. It will always be wiser to seek out leads 
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toward the wind: side of the main body of the ice pack. In the event that the vessel 
is under imunnent danger of being wrapped close to shore by pack ice, immediately 
attempt to orient the vessel’s bow seaward. This will help to take advantage of the 
little manuevering room avaiiable in the open water areas found between ice floes. Wurk 
carcfully through these areas, easing the ice floes aside while maintaining a close watch 
on the general movement of the ice pack. 

If the vessel is completely halted by pack ice, it is best to keep the rudder amid- 
ships and the propellers turning at slow speed. The wash of the propellers may help 
to clear ice away from the stern, making it possible to back down safely. When the 
vessel is stuck fast as is the case when the bow is forced up onto a massive ice floe, 
an attempt first should be made to free the vessel by going full speed astern. If this 
manuever proves ineffective, it may be possible to get the vessel’s stern to move slightly, 
thereby causing the bow to shift, by shifting the rudder from one side to the other while 
going full speed ahead. Another attempt at going astern should t? en free the vessel. 
The vessel may also be fre: by either transferring water from the ballast tanks causing 
the vessel to list, or by alternately flooding and emptying the fore and aft tan! . Men 
wielding crowbars may also be able to split the ice at the pressure points. If all these 
methods fail, the utilization of deadmen (2- \9 4-meter lengths of timber buried in holes 
-out in the ice and to which a vessel is moored) and ice anchors (a stockless, single- 
fluked hook embedded in the ice) may be helpful. With a deadman or ice anchors 
attached to the ice astern, the vessel may be warped off the ice by winching while the 
_engines are going full astern. If all the foregoing methods fail, explosives placed in 
holes cut nearly to the bottom of the ice approximately 10 to 12 meters off the beam 
‘of the vessel and detonated while the engines are working full astern should succeed 
in freeing the vessel. A vessel may also be sawed out of the ice if the ambient air tem- 
‘perature is above the freezing point of seawater. 

When a vessel becomes so closely surrounded by ice thet all steering control is 
lost and it is unable to move, it is beset. It may then be carried by the drivting pack 
‘into shallow water or areas containing thick2r ice or icebergs with their accompanying 
dangerous underwater projections. If ice forcibly presses itself against the hull, the 
vessel is said to be nipped, whether or not damage is sustained. When this c-surs, 
the gradually increasing pressure may be capable of holing the vessel’s bottom. Wnen a 
vessel is beset or nipped, freedom may be achieved through the careful manuevering 
procedures, the physical efforts of the crew, or by the use of explosives similar vo those 
previcusly detailed. Under severe conditions the mariner’s best ally may be patience 
since there will be many times when nothing can be done to improve the vessel's plight 
until there is a change in meteorological conditions. It is a time to preserve fuel and 
perform any needed repairs to the vessel and its engines. Damage to the vessel while 
it is beset is usually attributable to collisions or pressure exerted between the vesscl’s 
hull, propellers, or ruduer assembly and the sharp corners of ice fices. These collisions 
can be minimized greatly by attempting to align the vessel in such « manner as to insure 
that the pressure from the surrounding p:ck ice is distributed ss evenly as possible over 
the hull. This is best accomplished when medium or large ice fioes encircle the vessel. 

In the vicinity of icebergs, either in or outside of the pack ice, a sharp lookout 
should be kept and all icebergs given a wide berth. The commanding officers and 
masters of all vessels, irrespective of their size, should treat all icebergs with due respect. 
The best locations for lcokouts are generally in a crow’s nest rigged in the foremast or 
housed in a shelter built specifically fur a bow lookout in the eyes of a vessel. Telephone 
communications between these sites and the navigation bridge on larger vessels will 
prove invaluable. It is dangerous to approach close to an iceverg of any size because of 
the possibility of encountering underwater extensions, and because icebergs that are 
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disintegrating may suddenly capsize or readjust their masses to new positions of 
equilibrium. In periods of low visibility the utmost caution is needed at all times. 
Vessel speed should be reduced and the watch prepared for quick maneuvering. Radar 
becomes an effective tool in this case, but does not negate the need for trained lookouts. 
Since icebergs may have from eight to nine-tenths of their masses below the water 
surface, their drift (art. 3809) is generally influenced more by currents than winds, 
particularly under light wind conditions.The drift of pack ice, on the other hand, is 
usually dependent upon the wind. Under these conditions, icebergs within the pack 
may be found moving at a different rate and in a different direction from that of the 
pack ice. In regions of strong currents, icebergs should always be given a wide berth) 
because they may often travel upwind at great speeds under the influence of contrary/ 
currents, wreaking heavy pack in their paths and endangering those vessels that are! 
unable to work clear. In these situations, open water will generally be found leeward af 
the iceberg, with piled up pack ice te windward. Where cu-rents are weak and a strong] 
wind predominates, similar conditions will be observed as the wind driven ice pack 
overtakes an iceberg and piles up to windward with an open water area lying to leeward. 
Under ice submarine operations require knowledge of prevailing and expected sea 
ice conditions to ensure maximum operational efficiency and saf -ty. The most important 
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keels) from the underside of the ice canopy (pack ice and enclosed water areas from the 
point of view of the submariner), the distribution of thin ice areas through which 
submarines can attempi to surface, and the probable location of the outer pack edge 
where submarines can remain surfaced during emergencies to rendezvous with surface 
ship or helicopter units. 

Bummocks are the subsurface counterpart of hummocks, and ice keels are simi- 
larly related to ridges. When the physical nature of these ice features is considered, it is 
apparent that ice keels may have considerable horizontal extent whereas individual 
bummocks can be expected to Lave little horizontal extent. In shallow water lanes to 
the Arctic Basin such as the bering Strait and the adjoining portions of the Bering Sea 
and Chukchi Sea, deep bummocks and ice keels may leave little vertical leeway for 
submarine passage. Widely separated bummocks may be circumnavigaied but make 
for a hazardous passage. Extensive ice areas with numerous bummocks or ice keels 
which cross the lane, however, may effectively block passage to the Arctic Basin. 

Bummocks and ice keels extend downward approximately five times their belies 

i 
| 


ice features are the frequency and extent of downward projectiuus (bummocks and ne 
a 


extent above the ice surface. Therefore, observed ridges of approximately 10 meters 
may extend as much as 50 meters |elow sea level. Owing to the direct relation of the} 
frequency and vertical extent between these surface features and their subsurface! 
counterparts, aircraft reconnaissance of ice conditions over a plarned submarine cruise] 
track should be conducted before under ice operations are commenced. 

Skylights are defined as thin places (usually less than 1 meter thick) in the ico| 
canopy and appear from below as relatively hght translucent patches in dark sur-, 
roundings. The undersurface of a skylight is usually flat; not having been subjected to’ 
great pressure although the ice canopy may have a concentration of nearly 8 cktas. 
Skylights are called large if big enough for a submarine to attempt to surface through 
them; that is, have a linear extené of at least 120 meters. Skylights smaller than 120 
meters are cailed smal!. An ice canopy along a submarine’s track that contains a num-: 
ber of large skylights o1 other features sucl: as leads and polynyas which permit a’ 
submarine to surface more freqvcatly than 10 times per 56 kilometers is called friendly 
ice. An ice canopy containing no large skylights or other features which permit e 
submarine to surface is called hostile ice. 
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For a more comprehensive guide to operations in ice, it is recommended that the 

mariner refer to Polar Operations, by Captain Edwin A. MacDonaid, USN (Ret.), 
published by the United States Naval Institute, Annapolis, Maryland. 

3615. Great Lakes ice.—Large vessels have been navigating the Great Lakes 
since the early 1760’s. This large expanse of navigable water has since become one of the 
world’s busiest waterways. Due to the northern geographical location of the Great 
Lakes Basin and its susceptibility to arctic outbreaks of polar air during winter, the 
formation of ice plays a major role, albeit a disruptive one, in this region’s economicaily 
vital marine industry. Because of the relatively large size of the five Great Lakes, the 
ice cover which forms on them is affected by the wind and currents to a greater degree 
than that on smaller lakes. The Great Lakes northern location results in a long ice 
growth season which in combination with the effect of wind and current imparts to their 
ice covers some of the charactoristics and behavior of an arctic ice pack. For these 
reasons, this article is being included in this chapter on ice in the sea. 

Since the five Great Lakes extend over a distance of approximately 800 kilometers 
in a north-south direction, each iake is influenced by varying degrees of meteorological 
parameters. These parameters, in combination with the fact that each lake also possesses 

: differing hydrometeorological characteristics, materially affects the extent and dis- 
- tribution of their respective ice covers. The largest, deepest, and most northern of the 
. five Great Lakes is Lake Superior. Ico not under pressure, especially along this lake’s 
northern shores, can attain a thickness of between 70 to 100 centimeters which is 
;equivalent to medium first-year ice. Winds and currents acting upon the ice havea 
‘ been known to cause ridging with heights approaching 10 meters. The great depth of 
: Lake Superior, however, provides it with a large heat storage capacity which hinders 
: the growth of ice somewhat, particularly during the period of initial ice formation. 
* During a normal winter, it can be expected that 60 percent of the surface area of Lake 
: Superior will become covered by ice. This value increases to 95 percent during a severe 
winter and decreases to 40 percent during a mild winter. Under average conditions, ice 
, which presents an obstacle to navigation on Lake Superior appears during the last 
week of December along both the north and south shores with the maxiinum extent of 
“ice cover occurring between March 30 and April 10. 
' Lake Michigan extends in a north-south direction for approximately 480 kilo- 
meters and possesses the third largest mean depth of the Great Lakes. Its north-south 
- alignment causes ice to accumulate in the northern portiens of the lake initially and 
then grow in a southerly direction as the winter progresses. Ice thickness ranges from 
an average of 10 to 20 centimeters (grey to grey-white ice) in the southern portion to 
50 to 80 centimeters (thin to medium first-year ice) in the north~n portion. The ice 
cover becom a hazard to navigation in the northern sector of Lake Michigan during 
the last week o* December with the average date of maximum -xtent of ice cover ranging 
from March 10 in the Chicago area to March 28 at the northern end of Green Bay. 
During a severe winter, 80 percent of Lake Michigan’s surface area will be covered by 
ice. This value reduces to 40 percent for a normal winter and to only 10 percent during 


. «mild winter. 


Ice forma*ion on Lake Yuron generally commences along the northeastern and 
western shorelines during the last week in December of each year. The deep north 
central basin of the lake does not, except during severe winters, generally acquire even & 
partial ice cover. The ice on Lake Huron will on the average consist predominately of 
thin first-yeai ice (0-70 centimeters), with some medium firs:-year ice (70-120 centi- 
meters) forming during a severe winter. The time interval between dates of the average 
maximum ice cover extent for this lake ranges from March 11 in th. extreme southern 
portion to March 28 in the northern sector. The percent of lake surface area that will 


= 





Me Women maint AANA i MKS hae mem oNNeRIN A 


ene eee a EE eh NNN AMMAR UA ct I, A WARE aO9 H 


di aii’ oe 
ta Ba ho atresia te tay 































































































































































































836 ICE IN THE SEA 


become ice covered is 60 percent for a normal winter, 40 percent for a mild winter, and 
80 percent for a severe winter. 
Lake Erie is the shallowest of the Great Lakes with a mean depth of just under: 
20 meters. Because of its shallowness, this lake is greatly influenced by seasonal tempera- 
ture changes and will accumulate a considerable ice cover over a short period of time. 
Ice will begin to form first in the very shallow western portion of the lake during mid- 
December. During its growth period, the lake ice is acted upon by the prevailing winds 
and currents which concentrate it at the northeastern end of the lake. Generally, Lake 
Erie’s ice cover is made up of a combination of grey-white ice (15-30 centimeters) and - 
thin first-year ice (30-70 centimeters). The average dates on which the maximum extent 
of ice cover is attained on Lake Erie varies from March 5 in the western sector to 
March 15 for the northeastern portion of the lake. Since it reacts rapidly to the change 
in the seasons, Lake Erie will attain an ice cover that blankets 95 to 100 percent of its 
surface area during a normal winter. During a mild winter, the ice will occupy an area 
: covering 50 percent of the surface area. 

Lake Ontario has the smailest surface area of the five Great Lakes, + the second 
greatest mean depth, second only to Lake Superior. Like Lake Superior, its large mean, 
depth gives Lake Ontario a large heat storage capacity which, in combination with its| 
small surface area, causes the lake tu respond slowly to changing meteorological con-} 
ditions. This, in turn, produccs the smallest amount of ice cover found on the Great} 
Lakes. Ice will begin forming during mid-December in the northeastern section, of the| 
lake, and wind and current conditions sinilar to those found on Lake Erie will confine j 
the majority of the ice cover to that section of the lake. The majority of the ice formed | 
will consist of thin first-year ice (30-70 centimeters) with a small concentration of 
grey-white ice (15-30 centimeters). The date at which the ice cover on Lake Ontario 
reaches its maximum extent varies on the average from March 16 to March 20. During 
a mild winter only 8 percent of the lake surface area will be covered by ice. This value 
increases to 15 percent for a normal winter and to 25 percent for a severe winter. 

The maximum ice cover distribution attained by each of the Great Lakes for a 
normal, mild, and severe winter are shown in figures 3615a, 3615b, and 3615c. It should 
be noted that although the average maximum ice cover distributions for all sive lakes 
appear on a single chart, they occur during the average time periods detailed above for 
each lake. | 

Information concerning analyses, forecasts, and climatology of Great Lakes ice | 
can be obtained from the Gr.at Lakes Environmental Research Laboratory or the 
National Weather Service Forecast Office, both located in Ann Arbor, Mich.gan. 

3616. Ice observing, reporting, and forecasting—Advance knowledge of ice 
conditions to be encountered and knowledge of how these conditions will change over 
specified time periods are invaluable in both the planning and operational phases of | 
a voyage undertaken in polar regions. Typical ice support services offered to the polar; 
navigator generally include analyses of current ice conditions; short-range (24 to 48 ' 
hour), weekly (5 to 7 day), and long range (15 to 30 day) ice forecasts; seasonal long- 
range (60 to 90 day) ice outlooks which are ordinarily updated by 15 to 30 day fore- 

a2 casts as the season progresses; and ship weather routing service (ch. XXIV) through 
ice infested waters. Generally an ice analysis or forecast will depict the current or 
expected configuration and location of the pack ice edge, ice concentrations within the 
pack itself, and the locations of features such as leads, polynyas, fast ice, and areas of 
open water. 

The single most important input into an ice forecast of any curation is an accurate, 
current, ice analysis based on the latest ice observations available. As stated previously, “~,.. 
ice in the sea can be observed from vessels, fixed winged aircraft, helicopters, and by 
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840 ICE IN THE SEA 

earth orbiting satellites, as well as by personnel at arctic and antarctic coastal shore 
stations. By means of modern communications networks, the reports of these observa- : 
tions are relayed to the offices of both federal government agencies and private com- 
mercial companies. 

Federal agencies providing both ice observing and forecasting services on an 
operational basis include the Department of Defense, the Department of Transporta- 
tion, and the Department of Commerce. The Department of Defense, principally 
through its Department of the Navy, provides ice support services to all U.S. and 
allied military units. Additional support may be provided te commercial concerns in 
some instances with the prior approval of the Chief of Naval Operations. Specific 
information relating to ice observation; forecasting freeze-up, ice growth, movement, 
concentration, and break-up; ship weather routing services; as well as the methods _ 
used to disseminate ice information can be obtained from Director, Naval Ocean- 
ograpky and Meteorology Command, Bay St. Louis, Mississippi. The Department of, 
Transportation, through the U.S. Coast Guard, provides ice breaker support for polar: 
operations, and the International Ice Patrol provides the ice support services detailed | 
in article 3612. Ice forecasts for Alaskan waters are provided to commercial interests | 
by the National Weather Service Forecast Offices in Anchorage and Fairbanks, Alaska. 
Inquiries concerning assistance available from the Coast Guard while conducting 
programs in ice should be sent to Commandant, U. S. Coast Guard Headquarters, 4 
Washington, D.C. 

A network of polar orbiting meteorological satellites and a worldwide communica- 
tions system provide the National Oceanic and Atmos»heric Administration (NOAA) 
with great quantities of detailed ice information from all areas of the world. Inquiries 
concerning the products and services available to the polar navigator should be directed 
to either the National Weather Service or the National Environmental Satellite Service, 
NOAA, Department of Commerce, Washington, D.C. Listings of consulting meteorolo- 
gists and oceanographers, and firms empleying such personnel, that provide ice support 
services to individuals or commercial organizations can be usually located in the 
professional directories of the leading meteorology and oceanography journals. 

Mariners operating in and around sea ice can do much to contribute to the overall 
effectiveness of many of the services provided them. To assist these programs it is 
essential that all vessels and aircraft operating in ice areas submit as detailed an ice 
report as possible to interested agencies. Several codes are now available for reporting 
ice conditicns. The code normally used by those trained to make meteorological obser- 
vations, but not specifically sea ice observations, consists of a five-character group! 
appended to the World Meteorological Organization (WMC) weather reporting codes | 
FM 21-V, FM 22-V, and FM 23-V. These codes are completely described in volume I of ; . 
World Meteorological Organization, Afanual on Codes, WMO No. 306, available from | 
the Secretariat of the World Meteorological Organization, Geneva, Switzerland. A | 
more complete and detailed reporting code.(ICEOB) hes been in use in the United | 

States since 1972. This code and the procedures for its use are contained in the Ice 
Observers Manual, U. S. Naval Oceanographic Office Technical Note 3700-49-76 
(unpublished manuscript). 

These codes make use of special nomenclature which has been precisely defined by , 
the World Meteorological Organization in several languages. Sea-Ice Nomenclature, | 
(WMO No. 259.TP.145) contains the nomenclature along with photography of mest 


ice features. This publication is very useful for those who plan to submit ice condition 
reports. 
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In addition, Guide to Meteorological Instruments and Observing Practices (WMO 
Ne. 8.TP.3]) contains a chapter on ice development, dynamic processes, and observing 
procedures and should also prove extremely useful. 

The mariner who regularly sends as complete an ice report as possible contributes 
substantially to an increase in the knowledge of synoptic ice conditions and therefore 
to the accuracy and timeliness of subsequent ice analyses and forecasts. 
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CHAPTER XXXVI 
WEATHER OBSERVATIONS 


3701. Introduction.—Weather forecasts are generally based upon information 
acquired by observations made at a large number of stations. Ashore, these stations 
are located so as te provide adequate coverage of the area of interest. Most observa- 
tions at sea are made by mariners, wherever they happen to be. Since the number 
of observations at sea is small compared to the number ashore, marine observations 

re of importance in areas where little or no information is available from other sources. 
Results of these observations are recorded in the deck log (art. 3719), or other appro- 
priate form. Data recorded by designated vessels are sent by radio to centers ashore, 
where they are plotted, along with other observe*‘ins, to provide data for drawing 
. synoptic charts (art. 3826). These charts are used to make forecasts. Complete weather 
_information gathered at sea is mailed to the uppropriate meteorological services for 
use in the preparation of weather atlases and in marine climatological studies. 

A special effort should be made to provide routine synoptic reports when transiting 
‘those areas where few ships are available to make and report weather observations. 
: Such effort is particularly important when vessels are transiting the tropical regions. A 
.vessel’s synoptic weather report may be the first indication of a developing tropical 
= eyclone. 

In many instanecs, the analysis of the surface weather map and subsequent 

forecasts can be no better than the weather reports received. 

A knowledge of weather elements and the instruments used to measure them is there- 
fore of importance to the mariner who hopes to benefit from weather broadcasts. 

3702. Atmosoherie pressure measurement.—The sea of air surrounding the earth 
exerts a pressure vi about 14.7 pounds per square inch on the surface of the earth. This 
atmospheric pressure, sometimes called barometric pressure, varies from place to 
place, and at the same place it varies with time. 

Atmospheric pressure is one of the basic elements of a meteorological observation. 
When the pressure at each station is plotted on a synoptic chart, lines of equal at- 
mospheric pressure, called isobars, are drawn to indicate the areas of high and low 
pressure and their centers. These are useful in making weather predictions, because 
certain types of weather are characteristic of each type area, and the wind patterns 
over large areas are deduced from the isobars. 

Atmosphezic pressure is measured by means of a barometer. A mercurial barom- 
eter does this by balancing the weight of a column of air against that of a column of 

. mercury. The aneroid barometer has a partly evacuated, thin-metal cell which is 
comnressed by atmospheric pressure, the amount of the compression being related to 


tha 
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Early mercurial barometers were calibrated to indicate the height, usually in inches 
or millimeters, of the column of mercury needed to balance the column of air above the 
point of mezsurement. While the units inches of mercury and millimeters of mercury 
are still widely used, many modern barometers are calibrated to indicate the centimeter- 
gtam-second uait of pressure, the millibar, which is equal to 1,000 dynes per square 
centimeter. A dyne is the force required to accelerate a mass of one gram at the rate 
of one centimeter per second per second. A reading in any of the three units of measure- 
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ment can be converted to the equivalent reading in either of the other units by means 2 
of table 14, or the conversion factors given in appendix D. However, the pressure read 
ing should als ys be reported in millibars. 

3703. The mercurial barometer was invented by Evangelista Torricelli in 1643. inf 
its simplest form it consists of a glass tube a little more tha- 30 inches :n icngth and of} i 
uniform internal diameter; one end being closed, the tube is filled with mercury, end | 
inverted into a cup of mercury. The mercury in the tube falls until the column is just| 
supported by the pressure of the atmosphere on the open cup, leaving a vacuum at the! 
upper end of the tube. ‘The height of the column indicates atmospheric pressure, greater! 
pressures supporting higher coiumns of mercury. 

The mercurial barometer i. subject to rapid variations in height, cailed pumping, | 
due to pitch and roll of the vessel and temporary changes in atmospheric pressure inj 
the vicinity of the barometer. Because of this, the care required in the reading of the} 
instrument, its bulkiness, and its vulnerability to physical damage, the mercurial 
barometer has been replaced at sea by the aneroid barometer. 

3704. The aneroid barometer (fig. 3704) measures atmospheric pres: ure by means 
of the force exerted by the pressure on a partly ev acuated, thin-metal element called a 3 
sylphon cejj (aneroid capsule). A smail spring is used, either internally or externally, tok a 
partly counteract the tendency of the atmospheric pressure to crush tae cell. Atmos 5 
pheric pressure is indivated directly by a scale and a pointer connected to the cell by 
combination of levers. The linkage provides considerable magnification of the slight § 
motion of the celi, to permit readings to higher precision than could be obtained without 7 
it. = 

An aneroid barometer should be mounted permanently. Prior to installation, the 2 
barometer should be carefully set sv stution pressure (art. 3706). An adjustment screw = 
is provided for this purpose. The error in the reading of the instrument is determined £ 
by comparison with a mercurial barometer or a standard precision aneroid barometer. @ 
If a qualified meteorologist is not available to make this adjustment, it is good practice # 
to remove only one-half the apparent error. The case should then be tapped gently to 5 
assist the linkage to adjust itself, and the process repeated. [f tne remaining error is | 
not more then half a millibar (0.015 inch}, no attempt should be made to remove it by | 
further adjustment. Instead, a correction should be applied te the readings. The 
accuracy of this correction should be checked from time to ume. 

3705. The barograph (fig. 3705) is a recording barometer. Basically, it is the 
same as a nonrecording aneroid barometer except that the pointer carries a pen ac its | : 
outer end, and the scale is replaced by a slowly rotating cylinder around which a ; 
prepsred chart is wrapped. A clock mechanism inside the cylinder rotates the cylinder ' : 
so that a continuous line is traced on the chart to indicate the pressure at any time. | 

A marine microbarograph is a precision barograph with greater magnification of ' 
deformations due tc pressure changes, and a correspondingly expended chart. It is 
designed to maintain its precision through the varied and exactwg conditions en- 
countered in shipboard use. Two sylphon cells are used, one veing mounted over the 
other in tandem. Minor fluctuations due to shocks or vibrations are eliminatec by 
damping. Since oil-filled dashpots are used for this purpose, the instrument should not 
be inverted. : 


Mok cH 


Ship motions are compensated by damping and spring loading which make it . 
possible for the microbarograph to be tilted up to 22° without varying more than 0.3 - 
millibars from true reading. 

The barograph 13 usually mounted on a shelf or desk in a room open to ine atmos- ™~... 
phere, and in a location which minimizes the effect of the ship’s vibration. Shock- 
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Fiavrn 3704.—~An ancroid barometer, 


CLOCK CHART CLOCK CHART PEN a ra 
WINDING KEY HOLDING CLIP UNIT CYLINDER = LIFTING ROD ARM 


CONSTANT 
PRESSURE 
BEARING 


CURRENT 
PRESSURE 
ADJUSTMENT 


HINGEO 
COVER IN OPEN BASE FRAME SYLPHON PEN LIFTING 


POSITION PLATE CELL LEVER 
Fiaure 3705.-—-A baregraph. 
absorbing material such as sponge rubber is placed under the instrument to minimize 


the transmission of shocks. 

‘Tho pen should be checked and the inkwell fillod each time the chart is changed, 
every week in the case of the barograph, and each 4 days in the case of the micro- 
barograph. ‘The dashpots of the microbaregraph should be kept filled with dashpot 
oil to within three-eighths inch of the top. 

Both instruments require checking from time to time to insure correct indication 
cf pressure, The position of the pen is adjusted by a small knob provided for this 
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purpose. The adjustment should be made in stages, eliminating half the apparent} 
error, tapping the case to insure linkage adjustment to the new setting, and then ‘ 
repeating the process. } - 

3706. Adjustment of harometer readings.—Atmospheric pressure as indicated by 
a barometer or barograpli may he subject to several errors, as follows: 

Instrument error. Any inaccuracy due to imperfection or incorrect adjustment 
of the instrument can be determined by comparison with a precision instrument. The 
National Weather Service provides a comparison service. In certain U.S. ports a 
Port Meteorological Officer carries a portable precision aneroid barometer for barometer 
coinpari: ns on beard ships which participate in the cocperative observation program 
of the National Weather Service. The portable barometer is compared with station. 
barometers before and after each ship visit. If a barometer is taken to a Naticaal, 
Weather Service shore station. the comparison can be made there. The correct ae 
level pressure can be obtained by telephone. The shipboard barometer should be cor- | 
rected for height, as explained below, before comparison with this telephoned value. . 
If there is reason to believe that the barometer is in error, it should be compared with | © 
a standard, and if an error is found, the barometer should be adjusted to the correct 
reading, or a correction applied to all readings. 

Height error. The atmospheric pressure reading at the height of the barometer 
is called the station pressure and is subject to a height correction in order to make it 
a sea level pressure reading. Isobars adequately reflect wind conditions and geographic 
distribution of pressure only when they are drawn for pressure at constant height (or 
the varying height at which a constant pressure exists). On synoptic charts it is cus- 
tomary to show the equivalent pressure at sea level, called sea level pressure. This 
is found by applying a correction to station pressure. The correction, given in table ¢ 
11, depends upon the height of the barometer and the average temperature of the air ¢ _ 
between this height and the surface. The outside air temperature taken aboard ship is & 
sufficiently accurate for this purpose. This is an important correction which should be § - 
applied to all readings of any type barometer. 

Gravity error. Mercurial barometers are calibrated for standard sea-level gravity 
at latitude 45°32’40". If the gravity differs from this amount, an error is introduced. } - 
The correction to be applied to readings at various latitudes is given in tabie 12. This j.  - 
correction does not apply to readings of an aneroid barometer or microbarograph. Gravity | 
also changes with height above sea level, but the effect is negligible for the first few 
hundred feet, and so is not needed for readings taken aboard ship. 

Temperature error. Barometers are calibrated at a standard temperature of 32°F. 
The liquid of a mercurial barometer expands as the temperature of the mercury rises, 
and contracts as it decreases. The corvection to adjust the reading of the instrumenc 
to the true value is given in table 13. This correction is te be applied to readings of 
mercurial barometers only. Modern aneroid barometers are compensated for tempera- 
ture changes by the use of different metals having unequal coefficients of linear 
expansion. 

3707. Wind measurement consists of determination of the direction from which 
the wind is blowing, and the speed of the wind. Wind direction is measured by a wind 
vane, and wind speed by an anemometer. 

A wind vane consists of a device pivoted on a vertical shaft, with more surface 
area on one side of the pivot than on the other, so that the wind exerts more force on one 
side, causing the smaller end to point. into the wind. 

Tn its simplest form, an anemo:neter consists of a number of cups motr‘-4 2 
short horizo.ital arms attached to 8 longer vertical shaft which rotates as the wind 
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blows against the cups. The speed at which the shaft rotates is directly proportional 
to the wind speed. 

Several types of wind speed and direction recorders are available. 

If no anemometer is available, wind speed can be estimated by its efect upon the 
sea and obiects in its path, as explained in article 3709. 

3708. True and apparent wind.—An observer aboard a vessel proceeding through 
still air experiences an apparent wind which is from dead ahead and has an apparent 
speed equal to the speed of the vessel. Thus, if the actual or true wind is zero and 
the speed of the vessel is 10 knots, the apparent wind is from dead ahead at 10 knots. 
If the true wind is from dead ahead at 15 knots, and the speed of the vessel is 10 knots, 
the apparent wind is 15-+10=25 knots from dead ahead. If the vessel makes a 180° 
turn, the apparent wind is 15—10=5 knots from dead astern. 

In any case, the apparent wind is the vector sum (art. 118, vol. II) of the true wind 

‘and the reciprocal of the vessel’s course and speed vector. Since wind vanes and anemom- 
‘eters measure apparent wind, the usual problem aboard a vessel equipped with an 

anemometer is to convert this to true wind. There are several ways of doing this. 
_ Perhaps the simplest is by the graphical solution illustrated in the following example: 

Example 1—A ship is proceeding on course 150° at a speed of 17 knots. The 

apparent wind is from 40° off the starboard bow, speed 15 knots. | 

: Required. —The relative direction, true direction, and speed of the true wind. j 

: Solution (fig. 3708a).—Starting at the center of a manuevering board (art. 4212) i 

. : or other suitable form, draw a line in the relative direction from which the apparent 
| 

i 
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wind is blowing. Locate point 1 on this line, at a distance from the center equal to 
f the speed of the apparent wind (2:1 scale is used in figure 3708). From point 1, draw 
a line vertically downward. Locate point 2 on this line at a distance from point 1 equal 
to the speed of the vessel in knots, to the same scale as the first line. The relative direction 
of the true wind is from point 2 (120°) toward the center, and the speed of the true wind 
is the distance of point 2 from the center, to the same scale used previously (11 kn.). 
The true direction of the wind is the relative direction plus the true heading, or 120° 
+150°=270°. 
Answers.—True wind from 120° relative, is 270° true, at 11 knots. 
A quick solution can be made without an actual plot, in the following manner: 
On a maneuvering board, label the circles 5, 10, 15, 20, etc., from the center, and draw 
vertical lines tangent to these circles. Cut out the 5:1 scale and discard that part having 
graduations greater than the maximum speed of the vessel. Keep this equipment for 
all solutions. (For durability, the two parts can be mounted on cardboard or other 
suitable material.) To find true wind, spot in point 1 by eye. Place the zero of the 5:1 
scale on this point and align the scale (inverted) by means of the vertical lines. Locate io 
point 2 at the speed of the vessel as indicated on the 5:1 scale. It is always vertically 
below point 1. Read the relative direction and the speed of the true wind using eye 
interpolation if needed. The National Weather Service distributes a wind vector 
computer called a Shipboard Wind Plotter (fig. 3708b). Solution by means of this : 
plotter is illustrated in the following example: oo = 
Example 2—A ship is proceeding on course 270° at a speed of 14.5 knots. The : - 
7 apparent wind is from 40° off the starboard bow, speed 20 knots. 
! Required.—The relative direction, true direction, and speed of the true wind by : 
Ayes _ Shipboard Wind Plotter. Ate. hee 
Solution (fig. 3708b).—The true direction of the apparent wind is determined by : 
' adding the apparent wind direction to the ship’s heading if the wind is from off the “~.. 
starboard bow and subtracting the apparent wind direction if the wind is from off the ~ 
rm & port bow. In this example, the true direction of the apparent wind is 310°. In this 
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Ficturer 3708a.—Finding true wind by maneuvering board. 


solution the red arrowhead is considered the top of the plotter. Set ship’s course, 270°, ; 


to the top of the plotter by rotating the protractor disk to set 270° at the red arrow. 


Using a convenient linear scale, measure vertically downward from the center peg of the : 


plotting board a distance equivalent to 14.5 knots. Mark this point “S” for ship. 


Rotate the protractor disk of the plotting board until 310° is at the red arrowhead at | 

the top of the plotting board. Using the same linear scale as for ship’s speed, plot - 
vertically downward from the center peg of the plotting board a distance equivalent to :: 
20 knots. Mark this point “W.” Rotate the protractor disk until the “S” is vertically _ 
above the ‘““W,” using the vertical lines on the plotting board to line up the twe points. ; - ~ 
Read the true wind direction at the top of the plotting board. The distance between } - - 


. 


points “S” and “W” is the true wind speed, using the same scale as in plotting points 
“S” and “W.” 


Answers.—True wind direction is 357°, true wind speed is 13 knots. 


Such problems can be solved by the use of true directions and a regular vector + 


solution, but the use of relative directions simplifies the plot because that component 
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Ficure 3708b.—Finding true wind by Shipboard Wind Plotter. 


of the apparent wind due to the vessel’s motion is always parallel (but reversed) to 
the vessel’s motion, and the apparent wind is always forward of the true wind. 

A tabular solution based upon the same principle can be made by means of table 
10. The entering values for this table are the apparent wind speed in units of ship’s 
speed, and the difference between the heading and the apparent wind direction. The 
values taken from the table are the relative direction (right or left) of the true wind, 
and the speed of the true wind in units of ship’s speed. If a vessel is proceeding at 12 
knots, 6 knots constitutes one-half (0.5) unit, 12 knots one unit, 18 knots 1.5 units, 24 

- knots two units, ete. 

Example 3.—A ship is proceeding on course 270° at a speed of 10 knots. The 
apparent wind is from 10° off the port bow, speed 30 knots. 

Required.—-The relative direction, true direction, and speed of the true wind by 
table 10. 

30 


Solution—The apparent wind speed is To 73-0 ship’s speed units. Enter table 












































































































































































































\ene ~ 
















































































































































































852 WEATHER OBSERVATIONS 


10 with 3.0 and 10° and find the relative direction of the true wind to be 15° off the 
port bow (345° relative), and the speed to be 2.02 times the ship’s speed, or 2.02 X10=20 
knots, approximately. The true direction is 345°+-270°=255°. 

Answers.—True wind from 345° relative, 255° true, at 20 knots. | 

By variations of this problem, one can find the apparent wind from the true wind, | 
the course or speed required to produce an apparent wind from a given direction or 
speed, or the course and speed to produce an apparent wind of a given speed froma 
given direction. Such problems arise in aircraft carrier operations. 

Wind speed determined by appearance of the sea (art. 3709) is the speed of the true 
wind. The sea also provides an indication of the direction of the true wind, because 
waves move'in the same direction as the generating wind, not being deflected by earth 
rotation (art. 3302). If a wind vane is used, the direction of the apparent wind thus 


determined can be used with the speed of the true wind to determine the direction of : - 


the true wind by vector diagram. If-a maneuvering board is used, drew a circle about | 


the center equal to the speed of the true wind. From the center, plot the ship’s vector : 


(true course and speed). From the end of this vector draw a line in the direction in 
which the apparent wind is blowing (reciprocal of the direction from which it is blowing) 
until it intersects the speed circle. This line is the apparent wind vector, its length de- 
notes the speed. A line from the center of the board to the end of the apparent wind 
vector is the true wind vector. The reciprocal of this vector is the direction from which 
the true wind is blowing. If the true wind speed is less than the speed of the vessel, two 
solutions are possible. If solution is by table 10, the true speed, in units of ship’s speed, 
is found in the column for the direction of the apparent wind. The number to the left is 


is the speed of the apparent wind in units of ship’s speed. Again, two solutions are pos- 
sible if true wind speed is less thar. ship’s speed. 

3709. Wind and the sea.—The action of the wind in creating ocean currents and 
waves is discussed in chapters XXXII and XXXIII, respectively. There is a relation- 
ship between the speed of the wind and the state of the sea in the immediate vicinity 
of the wind. This is useful in predicting the sea conditions to be anticipated when future 
wind speed forecasts are available. It can also be used to estimate the speed of the wind, 
which may be desirable when an anemometer is not available. 

Wind speeds are usually grouped in accordance with the Beaufort scale named after 
Admiral Sir Francis Beaufort, who devised it in 1806. As adopted in 1838, Beaufort 


numbers ranged from 0, calm, to 12, hurricane. The Beaufort scale, with certain other | 
pertinent information, is given in appendix V. The appearance of the sea at different | 


Beaufort scale numbers from 0 through 10 is shown in appendix W. 

3710. Temperature is the intensity or degree of heat. It is measured in degrees. 
Several different temperature scales are in use. 

On the Fahrenheit (F) scale pure water freezes at 32° and beils at 212°. 

On the Celsius (C) scale commonly used with the metric system, the freezing 


point of pure water is 0° and the boiling point is 100°. This scale, has been known by = - 
varions names in different countries. In the United States it was formerly called the 
centigrade scale. The Ninth General Conference of Weights and Measures, held in. 


France in 1948, adopted the name Celsius to be consistent with the naming of other 
temperature scales after their inventors, and to avoid the use of different names in 
different countries. On the original Celsius scale, invented in 1742 by a Swedish as- 
tronomer named Anders Celsius, the numbering was the reverse of the modern scale, 
0° representing the boiling point of water, and 100° its freezing point. 

Absolute zero is considered to be the lowest pcssible temperature, at which there 
is no molecular motion and a body has no heat. For some purposes, it. is convenient to 


the relative direction of the true wind. The number on the same line in the side.columns 
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express temperature by a scale at which 0° is absolute zero. This is called absolute 
temperature. If Fahrenheit, degrees are used, it may be called Rankine (R) temperature; 
and if Celsius, Kelvin (K) temperature. The Kelvin scale is more widely used than 
the Rankine. Absolute zero is at (—) 459°69F or (—) 273°16C. 

Temperature by one scale can be converted to that at another by means of the 
relationship that exists between the scales. Thus, 


5 


9 
=,C+32, 
and 
K=C+273°16C. 


A temperature of (—) 40° is the same by either the Celsius or Fahrenheit scale. Similar 
formulas can be made for conversion of other temperature scale readings. Table 15 
gives the equivalent values of Fehrenheit, Celsius, and Kelvin temperatures. 

The intensity or degree of heat (temperature) should not be confused with the 


: amount of heat. If the temperature of air or some other substance is to be increased 


(the substance made hotter) by a given number of degrees, the amount of heat that 
must be added is dependent upon the amount of the substance to be heated. Also, 
equal amounts of different substances require the addition of unequal amounts of heat 
to effect equal increase in temperature because of their difference of specific heat 


: (art. 3012). Units used for measurement of amount of heat are the British thermal 
> unit (BTU), the amount of heat needed to raise the temperature of 1 pound of water 
‘ 1° Fahrenheit; and the calorie, the atnount of heat needed to raise the temperature 
. of 1 gram of water 1° Celsius. 


3711. Temperature measurement is made by means of a thermometer. Most 


* thermometers are based upon the principle that materials expand with increase of tem- 


perature, and contract as temperature decreases. In its most usual form a thermometer 
consists of a bulb filled with mercury and connected to a tube of very smal! cross- 
sectional area. The mercury only partly fills the tube. In the remainder is a vacuum 
created during construction of the instrument. The air is driven out by boiling the 
mercury, and the top of the tube is then sealed by a flame. As the mercury expands 
or contracts with changing temperature, the length of the mercury column in the tube 
changes. Temperature is indicated by the position of the top of the column of mercury 
with respect to a scale etched on the glass tube or placed on the thermometer support. 

Temperature measuring equipment should be placed in a shelter which protects 
it from mechanical damage and direct rays of the sun. The shelter should have louvered 
sides to permit free access of air. Aboard ship, the shelter should be placed in an 
exposed position as far as practicable from metal bulkheads. On vessels where shelters 
are not available, the temperature measurement should be made in shade at an exposed 


, Position on the windward side. 


Sea surface temperature observations are used in the forecasting of fog and furnish 
important information about the development and movement of tropical cyclones. 
Commercial fishermen are interested in the sea surface temperature as an aid in locating 
certain species of fish. There are several methods of determining seawater temperature. 
These include engine room intake readings, condenser intake readings, thermister probes 
attached to the hull, and readings from buckets recovered from over the side. Although 
the condenser intake method is not a true measure of surface water temperature, the 
error is generally small. Measurement should be made near the entrance of the intake. 
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tained by bucket, preferably » canvas bucket, from a forward position well clear of any 
discharge lines. The sample should be taken immediately to a place where it is shel- 
tered from wind and sun. The water should then be stirred with the thermometer, 
keeping the bulb submerged, until an essentially constant reading is obtained. 

A considerable variation in sea surface temperature can be experienced i in a rela- 
tively short distance of travel. This is especially true when crossing major ocean cur- 
rents such as the Gulf Stream and the Kuroshio. Significant variations also occur where 
large quantities of freshwater are discharged from rivers. 

3712. Humidity is the condition of the atmosphere with reference to its water 
vapor content. Relative humidity is the ratio (stated as a percentage) of the pressure of 
water vapor present in the atmosphere to the saturation vapor pressure at the same 
temperature. 

As air temperature decreases, the relative humidity increases. At some point, 
saturation takes place, and any further cooling results in condensation of some of the 
moisture. The temperature at which this occurs is called the dew point, and the moisture 
deposited upon natural objects is called dew if it forms in the liquid state, or frost if it 
forms in the frozen state. j 

The same process causes moisture to form on the outside of a container of cold 3 
liquid, the liquid cooling the air in the immediate vicinity of the container until it ¥ 


If the temperature of the water at the surface is desired, a sample should be ob- | 
| 


reaches the dew point. When moisture is deposited on man-made objects, it is usually f 
called sweat. It occurs whenever the temperature of a surface is lower than the dew § 


point of air in contact with it. It is of particular concern to the mariner because of its 3 
effect upon his instruments, and possible damage to his ship or its cargo. Lenses of § 
optical instruments may sweat, usually with such small droplets that the surface has § 
a “frosted” appearance. When this occurs, the instrument is said to “fog” or “fog up,” 


and is useless until the moisture is removed. Damage is often caused by corrosion or 3. 


direct water damage when pipes sweat and drip, or when the inside of the shell plates 4 
of a vessel sweat. Cargo may sweat if it is cooler than the dew point of the air. One of 
the principal problems of preserving ships of the reserve fleet is the protection against 
moisture. An important step is the draining of all water, sealing of compartments, and 
drying of the air. 

Clouds and fog form by “sweating” cf minute particles of dust, salt, etc., in the air. 
Each particle forms a nucleus around which a droplet of water forms. If air is completely 


free from solid particles on which water vapor may condense, the extra moisture remains | - 


in the vapor state, and the air is said to be supersaturated. 

Relative humidity and dew point are measured by means of a hygrometer. The 
most common type, called a psychrometer, consists of two thermometers mounted 
together on a single strip of material, as shown in figure 3712a. One of the thermometers 
is mounted a little lower than the other, and has its bulb covered with muslin. When 





Fiaurr 3712a.—A sling psychrometer. 
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‘ structed primarily of non-corrodible materials, prolonged exposure to the marine 
* environment will shorten the life of the instrument. 
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the muslin covering is thoroughly moistened and the thermometer well ventilated, 
evaporation cools the bulb of the thermometer, causing it to indicate a lower reading 
than the other. A sling psychrometer, illustrated in figure 3712a, is ventilated by 
whirling the thermometers. Dry-bulb temperature is indicated by the uncovered 
dry-bulb thermometer, and wet-buib temperature is indicated by the muslin-covered 
wet-bulb thermometer. The difference between these two temperatures, and the 
dry-bulb temperature, are used to enter psychrometric tables to find the relative 
humidity (tab. 16) and dew point (tab. 17). If the wet-bulb temperature is above 
freezing, reasonably accurate results can be obtained by a psychrometer consisting of 
wet- and dry-bulb thermometers mounted so that air can circulate freely around 
them without special ventilation. This type of installation is common aboard ship. 

Ezample—The dry-bulb temperature is 65°F and the wet-bulb temperature is 
61°F. 

Required.—(1) Relative humidity, (2) dew point. 

Solution.--The difference between readings is 4°. Entering tabie 16 with this 
value and a dry-bulb temperature of 65°, the relative humidity is found to be 80 
percent. From table 17 the dew point is found to be 58°. 

Answers.—(1) Relative humidity 80 percent, (2) dew point 58°. 

Also in use aboard many ships is the electric psychrometer (fig. 3712b). This is 
a handheld, kattery operated instrument with two mercury thermometers for obtaining 
dry- and wet-bulb temperature readings. It consists of a plastic housing that holds the 
thermometers, batteries, motor, and fan. Although the electric psychrometer is con- 




























3713. Clouds are visible assemblages of numerous tiny droplets of water, or ice 
crystals, formed by condensation of water vapor in the air, with the bases of the 
assemblages above the surface of the earth. Fog is a similar assemblage in contact with 
the surface of the earth. 

The shs pe, size, height, thickness, and nature of a cloud depend upon the conditions 
under whic): it is formed. Therefore, clouds are indicators of various processes occurring 
in the atmosphere. The ability to recognize different types and a knowledge of the 
conditions associated with them are useful in predicting future weather. 

Although the variety of clouds is virtually endless, they may be classified according 
to general type. Clouds are grouped generally into three “families” according to some 
common characteristic. High clouds are those having a mean lower level aboye 20,000 
feet. They are composed principaliy of ice crystals. Middle clouds have a mean level 
between 6,500 and 20,000 feet. They are composed largely of water droplets, although 
the higher ones have a tendency toward ice particles. Low clouds have a mean lower 
level of less than 6,500 feet. These clouds are composed entirely of water droplets. 

Within these 3 families are 10 principal cloud types. The names of these are com- 
posed of various combinations and forms of the following basic words all from Latin: 

Cirrus, meaning “cur), lock, or tuft of hair.” 

Cumulus, meaning “heap, a pile, an accumulation.” 

Stratus, meaning “spread out, flatten, cover with a layer.” 

Aito, meaning “high, upper air.” 

Nimbus, meaning “‘rainy cloud.” 

Individual cloud types recognize certain characteristics, variations, or combinations 
of these. The 10 principal cloud types are: 

High clouds, Cirrus (Ci) are detached high clouds of delicate and fibrous appear- 
ance, without shading, generally white in color, and often of a silky appearance (figs. 
3713a and 3713d). Their fibrous and feathery appearance is due to the fact that they 
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Figtre 3712b.—Electric psychrometer. 


are composed entirely of ice crystals. Cirrus appear in varied forms such as isolated 
tufts; long, thin lines across the sky; ; branching, feather-like plumes; curved wisps which : 
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may end in halts, etc. These clouds may be arranged in parallel bands which cross the ' 
sky in great circles and appear to converge toward a point on the horizon. This may — 


indicate, in a general way, the direction of a low pressure area. Cirrus may be brilliantly 
colored at sunrise and sunset. Because of their height, they become illuminated before 


other clouds in the morning, and remain lighted after others at sunset. Cirrus are | 


generally associated with fair weather, but if they are followed by lower and thicker 
clouds, they are often the forerunner of rain or snow. 

Cirrocumulus (Ce) are high clouds composed of small white flakes or scales, or of 
very small globular masses, usually without shadows and arranged in groups or lines, 
or more often in ripples resembling those of sand on the sesshore (fig. 3713b). One 
form of cirrocumulus is popularly known as “mackerel sky” because the pattern re- 
sembles the scales on the back of a mackerel. Like cirrus, cirrocumulus are composed 
of ice crystals and are generally associated with fair weather, but may precede a storm 
if they thicken and lewer. They may turn gray and appear hard before thickening. 

Cirrostratus (Cs) are thin, whitish, high clouds (fig. 3713c) sometimes covering the 
sky completely and giving it a milky appearance and at other times presenting, more 
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or less distinctly, a formation like a tangled web. The thin veil is not sufficiently dense 
to blur the outline of sun or moon. However, the ice crystals of which the cloud is 
* composed refract the light passing through in such a way that halos (art. 3818) may 
form with the sun or moon at the center. Figure 3713d shows cirrus thickening and 
changing into cirrostratus. In this form it is pepularly known as “mares’ tails.’’ If it 
continues to thicken and lower, the ice crystals melting to form water droplets, the 
cloud formation is known as altostratus. When this occurs, rain mey normally be ex- 
pected within 24 hours. The more brushlike the cirrus when the sky appears as in 
figure 3713d, the stronger the wind at the level of the cloud. 
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Figure 3713c.—Cirrostratus. 





Ficure 3713d.—Cirrus and cirrostratus. 
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Middle clouds. Altocumulus (Ae) are middle clouds consisting of a layer of large, 3 
ball-like masses that tend to merge together. The balls or patches mey vary in thick- 
ness and color from dazzling white to dark gray, but they are more or less regularly 

. They may appear as distinct patches (fig. 3713e) similar to cirrecumulus 
(fig. 3713b) but can be distinguished by the fact that individual patches are generally 
larger, and show distinct shadows in some places. They are often mistaken for stra- 
tocumulus (fig. 3713i). If this form thickens and lowers, it may produce thundery | 
weather and showers, but it does not bring prolonged bad weather. Sometimes the : 
patches merge to form a series of big rolls that resemble ocean waves, but with streaks | 
of blue sky (fig. 3713f). Because of perspective, the rolls appear to run together near ! 
the horizon. These regular parallel bands differ from cirrocumulus in that they occur ! 
in larger masses with shadows. These clouds move in the direction of the short dimen- | . : 
sion of the rolis, as do ocean waves. Sometimes altocumulus appear briefly in the form | an 
shown in figure 3713g, usually before a thunderstorm. They are generally arranged in | 
a line with a flat horizontal base, giving the impression of turrets on a castle. The 
turreted tops may look like miniature cumulus and possess considerable depth and great 
length. These clouds usually indicate a change to chaotic, thundery skies. 
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Ficure 3713¢e.—Altocumulus in patches. 





Figure 3713¢.—Tuerreted ahocumulus. 
























































































































































































































































































































































WEATHER 


Figure 3713h.—~Aitostratus. 


Altostratus (As) are middle clouds having the appearance of a grayish or bluish, 
fibrous veil or sheet (fig. 3713h). The sun or moon, when seen through these clouds, 
appears as if it were shining through ground glass, with a corona (art. 3819) around it. 
Halos are not formed. If these clouds thicken and lower, or if low, ragged “scud’’ or 
rain clouds (nimbostratus) form below them, continuous rain or snow may be expected 
within a few hours. 

Low clouds. Stratocumulus (Sc) are low clouds composed of soft, gray, roll-shaped 
masses (fig. 37131). They may be shaped in long, parallel rolls similar to altocumulus 
(fig. 3713f), moving forward with the wind. The motion is in the direction of their 

: short dimension, like ocean waves. These clouds, \ Lich vary greatly in altitude, 
, are the final product of the characteristic daily change that takes place in cumulus 
- clouds. They are usually followed by clear skies during the night. 

Stratus (St) is a low cloud in a uniform layer (fig. 3713j) resembling fog. Often 
the base is not more than 1,000. .¢ high. A veil of thin stratus gives the sky a hazy 
appearance. Stratus is often quite thick, permitting so little sunlight to penetrate 
that it appears dark to an observer below it. From above, it looks white. Light mist 

“may descend from stratus. Strong wind sometimes breaks stratus into shreds called 
“fractostratus.” 

Nimbostratus (Ns) is a low, dark, shapeless cloud layer, usually nearly uniform, 
but sometimes with ragged, wet-loosing bases. Nimbostratus is the typical rain cloud. 
The precipitation which falls from this cloud is steady or intermittent, but not showery. 

Cumulus (Cu) are dense clouds with vertical development (clouds formed by rising 
air which is cooled as it reaches greater heights, They have a horizontal base and 
dome-shaped upper surface, with protuberances extending above the dome. Cumulus 
appear in small patches, and never cover the entire sky. When the vertical develop- 
ment is not great, the clouds appear in patches resembling tufts of cotton or wool, 
being popularly called “woolpack” clouds (fig. 37138k). The horizontal bases of such 
clouds nay not be noticeable. These are called “fair weather” cumulus because they 
always uccompany good weather. However, they may merge with eltocumulus, or 
may grow to cumulonimbus before a thunderstorm. Since cumulus are formed by 


Figure 3713i.—Stratocumulus. 
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Figure 37131—Cumulonimbus. 


updrafts, they are accompanied by turbulence, causing “bumpiness” in the air. The | 
extent of turbulence is proportional to the vertical extent of the clouds. Cumulus are 
marked by strong contrasts of light and dark. j 
Cumulonimbus (Cb) is a massive cloud with great vertical development, rising in 
mountainous towers to great heights (fig. 37131). The upper part consists of ice crys- , 
£ tals, and often spreads out in the shape of an anvil which may be seen at such distances ; 
that the base may be below the horizon. Cumulonimbus often produces showers of ! 
rain, snow, or hail, frequently accompanied by thunder. Because of this, the cloud is ; 
often popularly called a “thundercloud” or “thunderhead.” The base is horizontal, 
but as showers occur it lowers and becomes aged ! 
3714. Cloud height measurement.—At sea, cloud heights are often determined by 
estimate. This is a difficult task, particularly at night. 
The height of the base of clouds formed by vertical development (any form of : 
cumulus), if formed in air that has risen from the surface of the earth, can be deter- ae 
mined by psychrometer, because the height to which the air must rise hofore condensa-! - >-% 
' tion takes place is proportional to the difference between surface air temperature and | LS 3 
Mb . : the dew point. At sea, this difference multiplied by 236 gives the height in feet. That 
is, for every degree difference between surface air temperature and the dew point, the 
' air must rise 236 feet before condensation will take place. Thus, if the dry-bulb tempera- ™. 
ture is 80°F, and the wet-bulb temperature is 77°F, the dew point (from tab. 17) is ~. 
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" radiosondes, radar, and radio direction finders. 
“radar equipment gave an indication of weather fronts (art. 3811) and precipitation 
: War a great amount of work has been done in porfecting radar equipment for use in 


: weather observation. It has proved of immense value in detecting, tracking, and inter- 
* preting weather activity out to a distance of as much as 400 miles from the observing 


_ of meteorological and oceanographic information by radio. They are generally used 
‘at isolated and relatively inaccessible locations from which weather and ocean data 


- measured include wind direction and speed, atmospheric pressure, air and sea surface 
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76°F, or 4° lower than the surface air temperature. The -height of the cloud base is 
4X236= 944 feet. 

3715. Visibility measurement.—Visibility is the extreme horizontal distance at 
which prominent objects can be seen and identified by the unaided eye. It is usually 
measured directly by the human eye. Ashore, the distances of various buildings, trees, 
lights, and other objects are measured and used as a guide in estimating the visibility. 
At sea, however, such an estimate is difficult to make with accuracy. Other ships and the 
horizon may be of some assistance. 

Ashore, visibility is sometimes measured by a transmissometer, a device which 
measures the transparency of the atmosphere by passing a beam of light over a known 
short distance, and comparing it. with a reference light. 

3716. Upper air observations.—Upper air information provides the third dimension 
to the weather map. Unfortunately, the equipment necessary to obtain such information 
is quite expensive, and the observations are time consuming. Consequently, the network 
of observing stations is quite sparse compered to that for surface observations, partic- 
ularly over the oceans and in isolated land areas. Where facilities exist, upper air ob- 
servations are made by means of unmanned balloons in conjuction with theodolites, 


2717. Storm detection radar.—During World War II, it was found that certain 


areas. It was of particular value near hurricanes and typhoons. Since the close of that 


station. 
3718. Automated weather stations and buoy systems provide regular transmissions 





























are of great importance. Depending on the type of system used, the elements usually 


temperature, spectral wave data, and a temperature profile from the sea surface to a 
predetermined depth. 

3719. Recording observations.—Instructions for recording weather observations 
aboard vessels of the U. S. Navy are given in OPNAV Instruction 3140.37C, Manual for 
Ship’s Surface Weather Observations. Instructions for recording observations aboard 
merchant vessels are given in Weather Service Observing Handbook No. 1, Marine 
Surface Observations. 


Problems 


3708a. A ship is proceeding on course 180° at a speed of 22 knots. The apparent 
wind is from 70° off the port bow, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
maneuvering board or the National Weather Service plotter. 

Answers.—True wind from 231° relative, 051° true, at 24.3 knots. 

3708b. A ship is proceeding on course 650° at a speed of 13.5 knots. The apparent 
wind is from broad on the starboard bow, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
table 10. 

Answers.—True wind from 086° relative, 136° true, at 14.3 knots. 

3708c. A ship is proceeding on course 020° at a speed of 16 knots. The true wind 
is estimated to be from 110° on the port bow, speed 10 knots. 
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Required. —The relative direction, true direction, and speed of the apparent wind 
by maneuvering board er the National Weather Service plotter. 
Answers.—Apparcut wind from 328° relative, 343° true, at 15.6 knots. 
3708d. A ship is proceeding on course 190° at a speed of 14 knots. The true wind is 
estimated to be from broad on the starboard quarter, speed 20 knots. 
Required.—The relative direction, true direction, and speed of the apparent w.nd 
by table 10. 
Answers.—Apparent wind from 090° relative, 280° true, at 14.0 knots. 
3708e. The true wind has been determined to be from 210°, speed 12 knots. The} 
captain of an aircraft carrier desires an apparent wind of 30 knots from 10° on the oe 
bow for launching aircraft. 
7 Required.—The course and speed of the aircraft carrier. 
Answers.—C 235°, S 18.6 kn. (The required apparent wind could also be produced 
by C 005°, S 40.5 kn.) 
3708f. A ship is proceeding on course 255° at a speed of 15 knots. The wind vane 
indicates the apparent wind is broad on the starboard beam. From the appearance of | 
the sea the navigator estimates the speed of the true wind as Beaufort 5 (19 knots). 
Required —(1) Relative and true directions of the true wind, (2) speed of the 4 
apparent wind. Use the maneuvering board. 
Answers.—(1) True wind from 142° relative, 037° true; (2) apparent wind speed @ 
11.6 knots. 2 
3708g. A ship is proceeding on course 138° at a speed of 18 knots. The wind vane 4 
indicates the apparent wind is 40° on the starboard bow. From the appearance of the 4 
sea the navigator estimates the speed of the true wind as Beaufort 6 (24.5 knots). 4 
Required.—(1) Relative and true directions of the true wind, (2) speed of the ap- 3 
parent wind. Use table 10. 3 
Answers.—(1) True wind from 069° relative, 204° true; (2) apparent wind speed § 
36 knots. : 
3708h. A ship is proceeding on course 330° at a speed of 20 knots. The wind vane § 
indicates the apparent wind is 30° on the port bow. From the appearance of the sea § 
the navigator estimates the speed of the true wind as Beaufort 4 (13.5 knots). ; 
Required.—(1) Relative and true directions of the true wind, (2) speed of the] 
apparent wind. Solve first by maneuvering board and then by table 10. 
Answers.—Graphical solution: (1) true wind from 199° relative, 169° true or from 
282° relative, 252° true; (2) apparent wind speed 8.5 knots or 26.3 knots. Table 10 
solution: (1) true wind from 197° relative, 167° true or from 283° relative, 253° true; 
(2) apparent wind speed 8.0 knots or 26.0 knots. 
3712. The dry-bulb temperature is 41°F and the wet-bulb temperature is 35°F. 
Required.—(1) Relative humidity, (2) dew point. | 
[ 
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Answers —(1) Relative humidity 53 percent, (2) dew point 26°. 
3714a. The dry-bulb temperature is 72°F and the wet-bulb temperature is 58°F. [. . 
Required.—Height of the base of cumulonimbus clouds formed in air which has! ~ 
risen from the surface of the sea. 
Answer—Height 5,900 feet. : 
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CHAPTER XXXVIII 
WEATHER ELEMENTS 


3801. Introduction — Weather is the state of the earth’s atmosphere with respect 
to temperature, humidity, precipitation, visibility, cloudiness, etc. In contrast, the 
term climate refers to the prevalent or characteristic meteorological conditions of a 
place or region. 

All weather may be traced ultimately to the effect of the sun on the earth, including 
the lower portions of the atmosphere. Most changes in weather involve large-scale, 
approximately horizontal, motion of air. Air in such motion is called wind. This motion 
is produced b: differences of atmospheric pressure, which are attributable both to 


. differences of temperature and the nature of the motion itself. 


The weather is of considerable interest to the mariner. The wind and state of the 
sea affect dead reckoning. Reduced horizontal visibility limits piloting. The state of the 
atmosphere: affects electronic navigation and radio communication. If the skies are 


; overcast, visual celestial observations are not available; and under certain conditions 
: refraction and dip are disturbed. When wind was the primary motive power, knowledge 


aes 


of the areas of favorable winds was of great importance. This consideration led Matthew 
Fontaine Maury, more than a century ago, to seek information from ships’ logs to es- 
tablish speed and direction of prevailing winds over the various trade routes of the world. 


* The information thus gathered was shown on pilot charts, By means of these charts, 


the mariner could select a suitable route for a favorable passage. Even power vessels 
are affected considerably by wind and sea. Less fuel consumption and a more com- 
fortable passage are to be expected if wind and sea are moderate and favorable. Pilot 
charts are useful in selecting suitable routes. 

Optimizing ship speed and safety by taking advantage of favorable wind and sea 
conditions has become practicable with the advent of extended range forecasting tech- 
nigues. These techniques and the procedures used in ship weather routing are discussed 
in chapter XXIV. 

3802. The atmosphere is a relatively thin shell of air, water vapor, dust, smoke, 
etc., surrounding the earth. The air is a mixture of transparent gases and, like any 
gas, is elastic and highly compressible. Although extremely light, it has a definite 
weight which can be measured. A cubic foot of air at standard sea-level temperature 
and pressure weighs 1.22 ounces, or about 1/817th part of the weight of an equal 
volume of water. Because of this weight, the atmosphere exerts a pressure upon the 


. surface of the earth, amounting to about 15 pounds per square inch. 


As altitude increases, less atmosphere extends upward, and pressure decreases. 
With less pressure, the density decreases. More than three-fourths of the air is con- 
centrated within a layer averaging about 7 statute miles thick, called the tropo- 
sphere. This is the region of most “weather,” as the term is commonly understood. 

The tup of the troposphere is marked by a thin transition zone called the tropopause, 
immexiately above which is the stratosphere. Beyond this lie several other layers 
having distinctive characteristics. The average height of the tropopause ranges from 
about 5 miles or less af. high latitudes to about 10 miles at low latitudes. 

The standard atmosphere is a conventional vertical structure of the atmosphere 
characterized by a standard sea-level pressure of 29.92 inches of mercury {1013.25 
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millibars) and a sea-level temperature of 59°F (15°C), the rate of temperature decreases} 
with height (i.e., standard lapse rate) being a uniform 3°6F (2°C) per thousarid feet] 
to 11 ldlometars (36,089 feet) and thereafter a constant temperature of (— )69°7F: 
(—56°5C). 

With the sid of weather satellite observations, meteorologists are continually learn- 
ing more of the atmospheric processes in the troposphere and stratosphere as they 
affect weather at sea. In recent years research has indicated that the jet stream is an 
important entity in relation to the sequence of weather. The jet stream refers to rela- 
tively strong (260 knots) quasi-horizontal winds usually concentrated within a re- 
stricted layer of the atmosphere. Although jet stream winds can occur at any level and 
geographic location and from any direction, the term is most often associated with 
mid-latitude winds with maximum speeds from 270° (445°). Such winds, called 
polar jet stream winds, average 90 knots maximum, but speeds up to 200 knots may 
occur in the winter season. 

3803. General circulation of the atmosphere.—The heat requi-ed for warming the| 
air is supplied originally by the sun. As radiant energy from the sun arrives at the} 
earth, about 29 percent is reflected back into space by the earth and its atmosphere, | i 


19 percent is absorbed by the atmosphere, and the remainin~ 52 percent is absorbed by} * 


the surface of the earth, much of which is reradiated back into space. This earth radia- 4 
tion is in comparatively long waves relative to the short-wave radiation from the sun, 
since it emanates from a cooler body. Long-wave radiation, being readily absorbed by & 
the water vapor in the air, is primarily responsible for the warmth of the atmosphere 
near the earth’s surface. Thus, the atmosphere acts much like the glass on the roof of a 
greenhouse. It allows part of the incoming solar radiation to reach the surface of the 
earth, but is heated by the terrestrial radiation passing outward. Over the entire earth 
and for long periods of time, the total outgoing energy must be equivalent to the incom- 
ing energy (minus any converted to another form and retained), or the temperature of 
the earth, including its atmosphere, would steadily increase or decrease. In local areas, 
or over relatively short periods of time, such a balance is not required, and in fact does 
not exist, resulting in changes such as those occurring from one yeer to another in 
different seasons and in different parts of the day. i 
As shown in figure 1419b, the more nearly perpendicular the rays of the sun strike 
the surface of the earth, the more heat energy per unit area is received at that place. 
Physical measurements show that in the Tropics more heat per unit area is received ! 
than is radiated away, and that in polar regions the opposite is true. Unless there were - 
some process to transfer heat from the Tropics to polar regions, the Tropics would be _ 
much warmer than they are, and the polar regions would be much colder. Atmospheric ; 


aaa 


motions bring about the required transfer of heat. The oceans also participate in the; - — 


process, but to a lesser degree. 

If the earth had a uniform surface and did not rotate on its axis, with the sun 
following its normal path across the sky (solar heating increasing with decreasing lati- | 
tude), a simple circulation would result, as shown in figure 3803a. However, the surface * 
of the earth is far from uniform, being covered with an irregular distribution of land of 
various heights, and water; the earth rotates about its axis once in approximately 24 
hours, so that the portion heated by the sun continually changes; and the axis of rota- - 


tion is tilted so that as the earth moves along its orbit about the sun, seasonal changes _ 


occur in the exposure of specific areas to the sun’s rays, resulting in variations in the ' 
heat balance of these areas. These factors, coupled with others, result in constantly , 


yy 


changing large-scale movements of air. For example, the rotation of the earth exerts an ™~. ~, 


apparent force, known as Coriolis force, which diverts the air from a direct path between 
high and low pressure areas. The diversion of the air is toward the right in the Northern | 
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Figure 3803a.—Ideal atmospheric circulation for a uniform and nonrotating earth. 
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Hemisphere and toward the left in the Southern Hemisphere. At some distance above 
the surface of the earth, the wind tends to blow along the isobars, being called the 
geostrophic wind if the isobars are straight (great circles), and gradient wind if they are 
curved. Near the surface of the earth, friction tends to divert the wind from the isobars| 
toward the center of low pressure. At sea, where friction is less than on land, the wind; 
follows the isobars more closely. . ! 
A simplified diagram of the general circulation pattern is shown in figure 3803b. 
Figures 3803c and 3803d give a generalized picture of the world’s pressure distribution, 
and wind systems as actually observed. 
The change in pressure with horizontal distance is called pressure gradient.. 
It is maximum along a normal (perpendicular) to the isobars. A force results which. 
is called pressure gradient force and is always directed from high to low pressure.; 
Speed of the wind as illustrated in figures 3808c and 3803d is approximately propor-! 
: tional to this pressure gradient. i 
3804. The Doldrums.—The belt of low pressure at the surface near the equatorj 
occupies a position approximately midway between high pressure belts at about latitude 
30° to 35° on each side. Except for significant intradiurnal changes, the atmospheric| 
pressure along the equatorial low is almost uniform. With minimal pressure gradient, | 
wind speeds are light and directions are variable. Hot, sultry days are common. Thej 
sky is often overcast, and showers and thundershowers are relatively frequent; in these 
disturbed areas, brief periods of strong wind occur. i 
The area involved is a thin belt near the equator, the eastern part in both the. 
Atlantic and Pacific being wider than the western part. However, both the position and | 
extent of the belt vary with longitude and season. During all seasons in the Northern, 
Hemisphere, the belt is centered in the eastern Atlantic and Pacific; however, there are f 
wide excursions of the doldrums regions at longitudes with considerable landmass. On/ 
the average, the position is at 5°N, frequently called the meteorological equator. : 
3805. The trade winds at the surface blow from the belts of high pressure toward @ | 
the equatorial belts of low pressure. Because of the rotation of the earth, the moving 
air is deflected toward the west. Therefore, the trade winds in the Northern Hemis-} 
phere are from the northeast and are called the northeast trades, while those in the | 
Southern Hemisphere are from the southeast and are called the southeast trades. The | 
trade-wind directions are best defined over eastern ocean areas. 
The trade winds are generally considered among the most constant of winds, blow-}- - - 
ing for days or even weeks with little change of direction or speed. However, at times) | 
they weaken or shift direction, and there are regions where the general pattern is} 
disrupted. A notable example is found in the island groups of the South Pacific, where} 
the trades are practically nonexistent during January and February. Their bestdevelop-; =  - 
ment is attained in the South Atlantic and in the South Indian Ocean. In general, they, ‘- ~ 
are stronger during the winter than during the summer season. ae 
In July and August, when the belt of equatorial Jow pressure moves to a position) —~_ oa 
some distance north of the equator, the southeast trades blow across the equator, into} ~ =~ - 
> the Northern Hemisphere, where the earth’s rotation diverts them toward the right) : 
causing them to be southerly and southwesterly winds. The “southwest monsoons’’}- 
of the African and Central American coasts have their origin partly in such diverted| 
-outheast trades. | — 
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Cyclones (art. 3812) from the middle latitudes rarely enter the regions of the 
trade winds, although tropical cyclones (ch. XX XIX) originate within these areas. 
3806. The horse latitudes.—Along the poleward side of each trade-wind belt, and 
EE corresponding approximately with the belt of high pressure in each hemisphere, he 
ae another region with weak pressure gradients and correspondingly light, variable winds.3°¥"-«,_ 
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These are called the horse latitudes. The weather is generally good although low clouds 
are common. Compared to the doldrums, periods of stagnation in the horse latitudes 
are less persistent, being of a more intermittent nature. The difference is due primarily 
to the fact that rising currents of warm air in the equatorial low carry large amounts of 
moisture which condenses as the air cools at higher levels, while in the horse latitudes 
the air is apparently descending and becoming less humid as it is warmed at lower 
heights. 

3807. The prevailing westerlies.—On the poleward side of the high pressure belt 
in each hemisphere the atmospheric pressure again diminishes. The currents of air set 
in motion along these gradients toward the poles are diverted by the earth’s rotation 
toward the east, becoming southwesterly winds in the Northern Hemisphere and north- 
westerly in the Southern Hemisphere. These two wind systems are known as the 
prevailing westerlies of the temperate zones. 

In the Northern Hemisphere this relatively simple pattern is distorted considerably 
by secondary wind circulations, due primarily to the presence of large landmasses. 
In the North Atlantic, between latitudes 40° and 50°, winds blow from some direction 
between south and northwest durin, 74 percent of the time, being somewhat more 
persistent in winter than in summer. They are stronger in winter, too, averaging about 
25 knots (Beaufort 6) as compared with 14 knots (Beaufort 4) in the summer. 

In the Southern Hemisphere the westerlies blow throughout the year with a steadi- 
ness approaching that of the trade winds (art. 3805). The speed, though variable, is 
generally between 17 and 27 knots (Beaufort 5 and 6). Latitudes 40°S to 59°S (or 
55°S) where these boisterous winds occur, are called the roaring forties. These winds 
are strongest at about latitude 50°S. 

The greater speed and persistence of the westerlies in the Southern Hemisphere are 
due to the difference in the atmospheric pressure pattern, and its variations, from that 
of the Northern Hemisphere. In the comparatively landless Southern Hemisphere, 
the average yearly atmospheric pressure diminishes much more rapidly on the poleward 
side of the high pressure belt, and has fewer irregularities due to continental interference, 
than in the Northern Hemisphere. 

3808. Winds of polar regions.—Partly because of the low temperatures near the 
geographical poles of the earth, the surface pressure tends to remain higher than in 
surrounding regions. Consequently, the winds blow outward from the poles, and are 
deflected westward by the rotation of the earth, to become northeasterlies in the Arctic, 
and southeasterlies in the Antarctic. Where the polar easterlies meet the prevailing 
westerlies, near 50°N and 50°S on the average, a discontinuity in temperature and 
wind exists. This discontinuity is called the polar front. Here the warmer low-latitude 
air ascends over the colder polar air creating a zone of cloudiness and precipitation. 

In the Arctic, the general circulation is greatly modified by surrounding land- 
masses. Winds over the Arctic Ocean are somewhat variable, and strong surface winds 
are rarely encountered. 

In the Antarctic, on the other hand, a high central landmass is surrounded by 
waiter, a condition which augments, rather then diminishes, the general circulation. 
The high pressure, although weaker than in the horse latitudes, is stronger than in 
the Arctic, and of great persistence especially in eastern Antarctica. The cold air from 
the plateau areas moves outward and downward toward the sea and is deflected toward 
the west by the earth’s rotation. The katabatic winds (art. 3813) remain strong through- 
out the year, frequently attaining hurricane force near the base of the mountains. 
These are some of the strongest surface winds encountered anywhere in the world, 
with the possible exception of those in well-developed tropical cyclones (ch. XX XIX). 
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3809. Modifications of the general cirsalstio fhe general circulation of the 
atmosphere as described in articles 3803-3868 1s gr atly modified ’-v various conditions. 
The high pressure in the horse latitudes is not vniformly distributed around the 
belts, but tends to be accentuated at several points, «ss.u ‘figures 3803b and 3808c. 
These semipermanent highs remain at about the sainz p.ace. with great persistence. 
Semipermanent lows also occur in various places, the most prominent ones being 
west of Iceland, and over the Aleutians (winter only) in the Northern Hemisphere, and 
in the Ross Sea and Weddell Sea in the antarctic areas. The regions occupied by these 
semipermanent lows are sometimes cu.ued the graveyards of the lows, since many lows 
move directly into these areas and lose their identity as they merge with and reinforce 
the semipermanent lows. The low pressure in these areas is maintained largely by 
the migratory lows which stall there, with topography also important, especially in 
Antarctica. | 
Another modifying influence is land, which undergoes greater temperature changes 
than does the sea. During the summer, 2 continent is warmer then its adjacent occans. 
Therefore, low pressures tend to prevail over the land. If a climatological belt of high 
pressure encounters a continent, its pattern is distorted or interrupted, whereas a belt 
of low pressure is intensified over the same area. In winter, the opposite effect takes } 
place, belts of high pressure being intensified over land and those of low pressure § 
being weakened. 
The most striking example of a wind system produced by the alternate heating § 
and cooling of a landmass is the monsoons (seasonal wind) of the China Sea and } 
Indian Ocean. A portion of this effect is shown in figures 3809a and 3809b. In th 
summer (fig. 3809a), low pressure prevails over the warm continent of Asiu, and @ 
relatively higher pressure prevails over the adjacent sea. Between these two systems 8. 
the wind blow< in a nearly steady direction. The lower portion of the pattern is in the § 
Southern Hemisphere, extending to about 10° south latitude. Here the rotation of §* 
the earth causes a deflection to the left, resulting in southeasterly winds. As they cross § - 
the equator, the deflection is in the opposite direction, causing them to curve toward the | 
right, becoming southwesterly winds. In the winter (fig. 3809b), the positions of high § 
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Ficurer 3809a.—The summer monsoon. Ficurr 3809b.—The winter monsoon. 


and low pressure areas are interchanged, and the direction of flow is reversed. 

In the China Sea the summer monsoon blows from the southwest, usually from 
May to September. The strong winds are accompanied by heavy squalls and thun- }- 
derstorms, the rainfall being much heavier than during the winter monsoon. As the 
season advances, squalls and rain become less frequent. In some places the wind be- 
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‘comes a light breeze which is unsteady in direction, or stops altogether, while in other 
‘places it continues almost undiminished, with changes in direction or calms being 
anfrequent. The winter monsoon blows from the northeast, usually from October 
*to April. It blows with a steadiness similar to that of the trade winds, often attaining 
the speed of a moderate gale (28-33 knots). Skies are generally clear during this sea- 
son, and there is relatively little rain. 

The general circulation is further modified by winds of cyclonic origin (art. 3812), 
and various local winds (art. 3813). 

3810. Airmasses.—Because of large differences in physical characteristics of the 
earth’s surface, particularly the oceanic and continental contrasts, the air overlying 
these surfaces acquires differing values of temperature and moisture. The processes 
of radiation and convection in the lower portions of the troposphere act in differing 
characteristic manners for a number of well-defined regions of the earth. The air over- 

se lying these regions acquires characteristics common to the particular area, but con- 
trasting to those of other areas. Each distinctive part of the atmosphere, within which 
common characteristics prevail over a reasonably large area, is called an airmass. 

Airmasses are named according to their source regions. Four such regions are 
-generally recognized: (1) equatorial (E), the doldrum area between the north and south i 
trades; (2) tropical (T), the trade wind and lower temperate regions; (3) polar (P), | 
the higher temperate latitudes; and (4) arctic or antarctic (A), the north or south polar | 
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regions of ice and snow. This classification is a general indication of relative temperature, 
as well as latitude of origin. 

"os , Airmasses are further classified as maritime (m) or continertal (c), depending 
upon whether they form over water or land. This classification is an indication of the 
relative moisture content of the airmass, Tropical air, then, might be designated 
maritime tropical (mT) or continental tropical (cT). Similarly, polar air may be either 
maritime polar (mP) or continental polar (eP). Arctic/antarctic air, due te the pre- 
dominance of landmasses and ice fields in the high latitudes, is rarely maritime arctic 
(mA). Equatorial air is found exclusively over the ocean surface and is designated neither 
(cE) nor (mE), but simply (£). “ 

A third classification sometimes applied to tropical and polar airmasses indi- I =. 
cates whether the airmass is warm (w) or cold (k) relative to the underlying surface. i 
Thus, the symbol m7w indicates maritime tropical air which is warmer than the under- i 
lying surface, and cPk indicates continental polar air which is colder than the under- i 
lying surface. The w and k classifications are primarily indications of stability (ie., 
change of temperature with increasing height). If the air is cold relative to the surface, 

+ the lower portion of the airmass is being heated, resulting in instability (temperature 
markedly decreases with increasing height) as the warmer air tends to rise by convection. 
Conversely, if the air is warm relative to the surface, the lower portion of the airmass 

+ is cooled, tending to remain close to the surface. This is a stable condition (temperature 
increases with increasing height). 

Two other types of airmssses are sometimes recognized. These are monsoon (Af), 

a4 ' a transitional form between cP and E; and superior (S), a special type formed in the 
free atmosphere by the sinking and consequent. warming of air aloft. 

3811. Fronts.—As airmasses move within the general circulation, they travel 
from their source regions and invade other areas dominated by air having different 
characteristics. Such a process leads to a zone of separatior. between the two airmasses. 
The gradients of thermal and moisture properties are maximized in the zone. Since the 
zone cr discontinuity is so thin as to approach a sheet. when viewed on a small scale : 
map, it is called a frontal surface. The irtersection of 4 frontal surface and a horizontal “. 
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Figure 3811b.—A fully developed frontal wave ‘top view). 









plane in a line is called a front, althougk the term “front” is commonly used as a short : 
expression for “‘fronte! surface” when this will not introduce an ambiguity. 

Indicative of the differences in the motion of adjacent airmasses, the front takes -- 
a wave like character, hence the term “frontal wave.” 
Before the fcrmation of frontal waves, the isobars (lines of equal atmospheric 
pressure) tend to run parailel to the fronts. As a wave is formed, the pattern is dis- 
torted somewhat, as shown in figure 3S1la. In this illusiration, colder air is nerth of |. 
warmer air. In figures 3811a-38ild isobars are drawn at 4-millibar intervals. : 
The wave tends to travel in the direction of the general circulation, which ‘n the 
temperate latitudes is usualiy in a general easterly and slightly poleward direction. in 
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Along the leading edge of the wave, warmer air is replacing colder air. This is called 
the warm front. The trailing edge is the cold front, where colder air is underrunning 
and displacing warmer air. 

The warm air, being less dense, tends to ride up over the colder air it is replacing. 
The slope is gentle, varying between 1:100 and 1:300. ”artly because of the replacement 
of cold, dense air with warm, light air, the pressure decreases. Since the slope is gentle, 
the upper part of a warm frontal surface may be many hundreds of miles ahead of the 
surface portion. The decreasing pressure, indicated by a “falling barometer,” is often an 
indication of the approach of such a wave. In a slow-moving, well-developed wave, 
the barometer may begin to fall several days before the wave arrives. Thus, the amount 
and nature of the change of atmospheric pressure between observations, called pressure 
tendency, is of assistance in predicting the approach of such a system. 

The advancing cold air, being more dense, tends to cvt under the warmer air at 
the cold front, lifting it to greater heights. The slope here 1» such that the upper-air 
portion of the cold front is behind the surface position relative to its motion. The slope 
generally ranges from 1:25 to 1:100, being steeper than the warm front. After a cold 
front has passed, the pressure increases—a “rising barometer.” 

In the first stages, these effects are not marked, but as the wave continues to grow, 
they become more pronounced, as shown in figure 3811b. As the amplitude of the 
wave increases, pressure near the center usually decreases, and the “low” is said to 

_ “deepen.” As it deepens, its forward speed generally decreases. 
: The approach of a well-developed warm front (i.e., when the warm air is mT) 
2 is usually heralded not only by falling pressure, but also by a more-or-less regular 
* sequence of clouds. First, cirrus appear. These give way successively to cirrostratus, 
- altostratus, altocumulus, and nimbostratus. Brief showers may precede the steady rain 
accompanying the nimbostratus. , 
° As the warm front passes, the temperature rises, the wind shifts clockwise (in 
the Northern Hemisphere), and the steady rain stops. Drizzle may fall from low-lying 
_ stratus clouds, or there may be fog for some time after the wind shift. During passage 
" of the warm sector between the warm front and the cold front, there is little change in 
- temperature or pressure. However, if the wave is still growing and the low deepening, 
the pressure might slowly decrease.,In the warm sector the skies are generally clear 
- or partly cloudy, with cumulus or stratocumulus clouds most frequent. The warm 
air is usually moist, and haze or fog may often be present. 

As the faster moving, steeper cold front passes, the wind shifts clockwise in the 
Northern Hemisphere (counterclockwise in the Southern Hemisphere), the temperature 
falls rapidly, and there are often brief and sometimes violent showers, frequently 
accompanied by thunder and lightning. Clouds are usually of the convective type. A 
cold front usually coincides with a well-defined wind-shift Ime (a line along which the 
wind shifts abruptly from southerly or southwesterly to northerly or northwesterly in 
the Northern Hemisphere and from northerly or northwesterly to southerly or south- 
westerly in the Southern Hemisphere). At sea a series of brief showers accompanied by 
strong, shifting winds may occur along or some distance (up to 200 miles) ahead of a 
cold front. These are called squalls (in common nautical use the term squall may be 
additionally applied to any severe local storm accompanied by gusty winds, precipita- 
tion, thunder, and lightning), and the line along which they occur is called a squall line. 

Because of its greater speed and steeper slope, which may approach or even exceed 
the vertical near thr earth’s surface (due to friction), a cold front and its associated 
weather passes more quickly than a warm front. After a cold front passes, the pressure 
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rises, often quite rapidly, the visibility usually improves, and the clouds tend to 
diminish. 

As the wave progresses and the cold front approaches the slower moving warm 
front, the low becomes deeper and the warm sector becomes smaller. This is shown in 
figure 3811c. | 

Finally, the faster moving cold front overtakes the warm front (fig. 8811d), re- 
sulting in an occluded front at the surf+ce, and an upper front aloft (fig. 3811e). When | 
the two parts of the cold airmass meet, the warmer portion tends to rise above the ! 
colder part. The warm air continues to rise until the entire frontal system dissipates. As . 


the warmer air is replaced by colder air, the pressure gradually rises, a process called '. 


“filling.” This usually occurs within a few days after an occluded front forms. Finally, . 
there results a cold low, or simply a low pressure system across which little or no gradient , 
in temperature and moisture can be found. 
The sequence of weather associated with a low depends greatly upon location with 
respect to the path of the center. That described above assumes that the observer is so ; 


located that he encounters each part of the system. If he is poleward of the path of the ; 


center of the low, the abrupt weather changes sssociated with the passage of fronts are 
not experienced. Instead, the change from the weather characteristically found ahead 
of a warm front to that behind a cold front takes place gradually, the exact sequence 
being dictated somewhat by distance from the center, as well as severity and age of the 
low, 

Although each low follows generally the pattern given above, no two are ever 


sociated with them, even though they may be 1,000 miles or more away, influence the 
formation and motion of individual low centers and their accompanying weather. 
Particularly, a high stalls or diverts a low. This is true of temporary highs as well as 
semipermanens highs. 

3812. Cyciones and anticyclones.—An area of relatively low pressure, generally 
circular, is called a cyclone. Its counterpart for high pressure is called an anticyclone. 
These terms are used particularly in connection with the winds associated with such 
centers. Wind tends to blow from an area of high pressure to one of low pressure, but 
due to rotation of the earth, they are deflected toward the right in the Northern Hemis- 
phere and toward the left in the Southern Hemisphere (art. 3803). 

Because of the rotation of the earth, therefore, the circulation tends to be counter- 
clockwise around areas of Jow pressure and clockwise around areas of high pressure in 
the Northern Hemisphere (figs. 3811c and 3811d), the speed being proportional to 
the spacing of isobars. In the Southern Hemisphere, the direction of circulation is 
reversed. Based upon this condicion, a general rule (Buys Ballot’s Law) can be stated 
thus: 

If an observer in the Northern Hemisphere faces the surface wind, the center of low 
pressure is toward his right, somewhat behind him; and the center of high pressure is toward 
his left and somewhat in front of him. 

If an observer in the Southern Hemisphere faces the surface wind, the center of low 


pressure is toward his left and somewhat behind him; and the center of high pressure is |_ 


toward his right and somewhat in front of him. 

In a general way, these relationships apply in the case of the general distribution 
of pressure, as well as to temporary local pressure systems. 

The reason for the wind shift along a front is that the isobars have an abrupt change 
of direction along these lines, as shown in figures 381la-3811d. Since the direction 


exactly alike. Other centers of low pressure and high pressure and the airmasses as- 
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of the wind is directly related to the direction of isobars, any change in the latter results 


in a shift in the wind direction. 
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frontal wave nearing occlusion (top view). 
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3811d.—An occluded front (top view). 





Figure 38ilc.—A 
Figure 
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Fiaure 3811le.—An occluded front (cross section). 
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In the Northern Hemisphere, the wind shifts toward the right (clockwise or veering) 
when either a warm or cold front passes. In the Southern Hemisphere, the shift is 
toward the deft (counterclockwise or backing). When an observer is on the poleward 
side of the path of a frontal wave, wind shifts are reversed (i.e., backing in the Northern 
Hemisphere and veering in the Southern Hemisphere). 

In an anticyclone, successive isobars are relatively far apart, resulting in light 
winds. In a cyclone, the isobars are more closely spaced. With a steeper pressure 
gradient, the winds are stronger. 

Since an anticyclonic area is a region of outflowing winds, air is drawn into it from 
aloft. Descending air is warmed, and as air becomes warmer, its capacity for holding 
uncondensed moisture increases. Therefore, clouds tend to dissipate. Clear skies are 
characteristic of an anticyclone, although scattered clouds and showers are sometimes 
encountered. 

In contrast, a cyclonic area is one of converging winds. The resulting upward 
movement of air results in cooling, a condition favorable to the formation of clouds and 
precipitation. More or Jess continuous rain and generally stormy weather are usually 
associated with a cyclone. 

Between the two hemispheric belts of high pressure associated with the horse | 
latitudes, called subtropical anticyclones (art. 3806), cyclones form only occasionally 
over certain arcas at sea, generally in summer and fall only. These tropical cyclones are 
usually quite violent, being known under various names according to their location. 
They are discussed in chapter XX XIX. 

In the areas of the prevailing westerlies (art. 3807) in temperate latitudes, migra- 
tory cyclones (lows) and anticyclones (highs) are a common occurrence. These are 
sometimes called extratropical cyclones and extratropical anticyclones to distinguish : 
them from the more violent tropical cyclones. Formation occurs over sea and Jand. 
The lows intensify as they move poleward; the highs weaken as they move equator- 
ward. In their early stages, cyclones are elongatea, as shown in figure 3811a, but as 
their tife cycle proceed:, they become more nearly circular (figs. 3811b-38114). 

3813. Local winds. —In addition to the winds of the general circulation (arts. 3803- 
3808) and those associated with migratory cyclones and anticyclones (art. 3812), ‘ 
there are numerous local winds which influence the weather in various places. : 

The most common of these are the land and sex breezes, caused by alternate 
heating and cooling of land adjacent to water. The effect is similar to that which causes 
the monsoons (art. 3809), but on a much smaller scale, and over shorter periods. By day 
the iand is warmer than the water, and by night it is cooler. This effect occurs along ; 
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‘many coasts during the summer. Between about 0900 and 1100 the temperature of 
the land becomes greater than that of the adjacent water. The lower levels of air-over 
_the land are warmed, and the air rises, drawing in cooler air from the sea. This is the 
sea breeze. Late in the afternoon, when the sxn is low in the sky, the temperature of 
the two surfaces equalizes and the breeze stops. After sunset, as the land cools below 
the sea temperature, the air above it is also cooled. The contracting cool air becomes 
more dense, increasing the pressure near the surface. This results in an outflow of winds 
to the sea. This is the land breeze, which blows during the night and dies away near 
sunrise. Since the atmospheric pressure changes associated with this cycle are not 
great, the accompanying winds generally do not exceed gentle to moderate breezes. 
The circulation is usually of limited extent, reaching a distance of perhaps 20 miles 
inland, and not more than 5 or 6 miles offshore, and to a height of a few hundred 
feet. In the doldrums and subtropics, this process is repeated with great regularity 
throughout most of the year. As the latitude increases, it becomes less prominent, being 
masked by winds of migratory cyclones and anticyclones (art. 3812). However, the 
effect often may be present to reinforce, retard, or deflect stronger prevailing winds. 
Varying conditions of topography produce a large variety of local winds throughout 
‘the world. Winds tend to follow valleys, and to be deflected from high banks and shores. 
In mountain areas wind flows in response to temperature distribution and gravity. An 
; anabatic wind is one that blows up an incline, usually as a result of surface heating. A 
? katabatic wind is one which blows down an incline. There are two types, foehn and fall 
; A dry wind with a downward component, warm for the season, is called a foehn. 
The foehn occurs when horizontally moving air encounters a mountain barrier. As it 
blows upward to clear the barrier, it is cooled below the dew point, resulting in loss of 
‘moisture by cloud formation and perhaps rain. As the air continues to rise, its rate of 
cooling is reduced because the condensing water vapor gives off heat to the surrounding 
atmosphere. After crossing the mountain barrier, the air flows downward along the 
leeward slope, heing warmed by compression as it descends to lower levels. Thus, since 
it loses less heat on the ascent than it gains during descent, and since it loses moisture 
during ascent, it arrives at the bottom of the mountains as very warm, dry air. This 
accounts for the warm, arid regions along the eastern side of the Rocky Mountains and 
in similar areas. In the Rocky Mountain region this wind is known by the name chinook. 
It may occur at any season of the year, at any hour of the day or night, and have any 
speed from a gentle breeze to a gale. It may last for several days, or for a very short 
period. Its effect is most marked in winter, when it may cause the temperature to rise 
as much as 20°F to 30° F within 15 minutes, and cause snow and ice to melt within a 
few hours. On the west coast of the United States, a foehn wind, given the name Santa 
Ana, blows through a pass and down a valley by that name in Southern California. 
* This wind may blow with such force that it endangers small craft immediately off the 
coast. 
A cold wind blowing down an incline is called a fall wind. Although it is warmed 
: somewhat during descent, as is the foehn, it remains cold relative to the surrounding air. 
‘It occurs when cold air is dammed up in great quantity on the windward side of a moun- 
‘tain and then spills over suddenly, usually as an overwhelming surge down the other 
side. It is usually quite violent, sometimes reaching hurricane force. A different name 
for this type wind is given at each place where it is common. The tehuantepecer of 
the Mexican and Central American coast, the pampero of the Argentine coast, the 
mistral of the western Mediterranean, and the bora of the eastern Mediterranean are 
examples of this type wind. 
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Many other local winds common to certain areas have been given distinctive 
names. 

A blizzard is a violent, intensely cold wind laden with snow mostly or entirely 
picked up from the ground, although the term is often used popularly to refer to any 
heavy snowfall accompanied by strong wind. A dust whirl is a rotating column of air 
about 100 to 300 feet in height, carrying dust, leaves, and other light material. This 
wind, which is similar to a waterspout at sea (art. 3824), is given various local names 
such as dust devil in southwestern United States and desert devil in South Africa. A 
gust is a sudden, brief increase in wind speed followed by a slackening, or the violent 
wind or squall that accompanies a thunderstorm. A puff of wind or a light breeze 
affecting a small area, such as would cause patches of ripples on the surface of water, 
is called a cat’s paw. 

3814. Fog is a cloud (art. 3713) whose base is low enough to restrict visibility. Fog 
is composed of droplets of water, or ice crystals (ice fog) formed by condensation or 
crystallization of water vapor in the air. 

Radiation fog forms over low-lying land on clear, calm nights. As the land radiates 
heat and becomes cooler, it cools the air immediately above the surface. This causes a 
temperature inversion to form, the temperature for some distance upward increasing} 
with height. If the air is cooled to its dew point (art. 3712), fog forms. Often, cooler 
and more dense air drains down surrounding slopes to heighten the effect. Radiation fog 
is often quite shallow, and is usually densest at the surface. After sunrise the fog may g 
“lift,” as shown in figure 3814, and gradually dissipate, usually being entirely gone b: 
noon. At sea the temperature of the water undergoes little change between day an 
night, and so radiation fog is seldom encountered more than 10 miles from shore. 

Advection fog forms when warm, moist air blows over a colder surface and is cooled 3 
below its dew point. This type, most commonly encountered at sea, may be quite § 
de'ise and often persists over relatively long periods. Advection fog is common over cold § 
ocean currents. If the wind is strong enough to thoroughly mix the air, condensation ¢ 
mty take place at some distance above the surface of the earth, forming low stratu 
clouds (art. 3713) rather than fog. g 

Off the coast of California, seasonal winds create an offshore current which dis- § 
places the warm surface water, causing an upwelling of colder water. Moist Pacific air | 
is transported along the coast in the same wind system and is cooled by the relatively |: 
cold water. Advection fog results. In the coastal valleys, fog is sometimes formed when 
moist air blown inland during the afternoon is cooled by radiation during the night. 

When very cold air moves over warmer water, wisps of visible water vapor may 
rise from the surface as the water “steams,” as shown in figure 2505. In extreme cases 
this frost smoke, or arctic sea smoke, may rise to a height of several hundred feet, | ; 
the portion near the surface constituting a dense fog which obscures the horizon and| .° — 
surface objects, but usually leaves the sky relatives,” clear. 

Haze consists of fine dust or salt particles in the air, too small to be individually 
apparent, but in sufficient number to reduce horizontal visibility and cast a bluish or 
yellowish veil over the landscape, subduicg its colors and making objects appear in- 
distinct. This is sometimes called dry haze to distinguish it from damp haze, which 
consists of small water droplets or moist particles in the air, smaller and more scattered 
than light fog. In international meteorological practice, the term “haze” is used to 

refer to a condition of atmospheric obscurity caused by dust and smoke. 

Mist is synonymous with drizzle in the United States but is often considered as 
intermediate between haze and fog in its properties. 

A mixture of smoke and fog is called smog. 
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RADIATION FOG 
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Figurk& 3814.—Formation and dissipation of radiation fog. 


3815. Mirage.—As explained in article 1606, light is refracted as it passes through 
the atmosphere. When refraction is normal, objects appear slightly elevated, and the 
visible horizon is tarther from the observer than it otherwise would be. Since the effects 


‘are uniformly progressive, they are not apparent to the observer. When refraction 


-; is not normal, some form of mirage may occur. A mirage is an optical phenomenon in 


which objects appear disto-ted, displaced (raised or lowered), magnified, multiplied, 
or inverted due to varying «tmospheric refraction which occurs when a layer of air near 
the earth’s surface diff-rs greatly in density from surrounding air. This may occur when 
there is a rapid and so.netimes irregular change of temperature or humidity with height. 

If there is a tersperature inversion (increase of temperature with height), par- 
ticularly if accompanied by a rapid decrease in humidity, the refraction is greater than 
normal. Objects appear elevated, and the visible horizon is farther away. Objects 
which are normally below the horizon become visible. This is called looming. If the 
upper portion of an object is raised much more than the bottom part, the object anpears 
taller than usual, an effect called towering. If the lower part of an object is 
raised more than the upper part, the object appears shorter, an effect called stooping. 
When the refraction is greater than normal, a superior mirage may occur. An inverted 
image isseen above the object, and sometimes an erect image appears over the inverted 
one, with the bases of the two images touching. Greater than normal refraction usually 
occurs when the water is much colder than the air above it. 

If the temperature decrease with height is much greater than normal, refraction 


is less than normal, or may even cause bending in the opposite direction. Objects appear 


lower than normal, and the visible horizon is closer to the observer. This is called sinking. 
Towering or stooping may occur if conditions are suitable. When the refraction is 
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reversed, an inferior mirage may occur. A ship or an island appears to be floating in 
the air above a shimmering horizon, possibly with an inverted image beneath it. Conditions 
suitable to the formation of an inferior mirage occur when the surface is much warmer 
than the air above it. This usually requires a heated landmass, and therefore is more 
common near the coast than at sea. 

When refraction is not uniformly progressive, objects may appear distorted, taking 
en almost endless variety of shapes. The sun when near the horizon is one of the objects 
most noticeably affected. A fata morgana is a complex mirage characterized by marked * 
distortion, generally in the vertical. It may cause objects to appear towering, magnified, 
and at times even multiplied. 

3816. Sky coloring. —White light is composed of light of all colors. Color is related 
to wavelength, the visible spectrum varying from about 0.000038 to 0.000076 centi- 
meters (art. 4003). The characteristics of each color are related to its wavelength (or 
frequency). Thus, the shorter the wavelength, the greater the amount of bending when 
light is refracted. It is this principle that permits the separation of light from celestial 
bodies into a spectrum ranging from red, through orange, yellow, green, and blue, «| 


violet, with long-wave infrared (black light) being slightly outside the visible range at 
one end and short-wave ultraviolet being slightly outside the visible range at the other 
end. Light of shorter wavelength is scattered and diffracted more than that of longer 3 
wavelength. : 

Light from the sun and moon is white, containing all colors. As it enters the earth’s # 
atmosphere, a certain amount of it is scattered. The blue and violet, being of shorter 2 
wavelength tian other colors, are scattered most. Most of the violet light is absorbed 4 
in the atmosphere. Thus, the scattered blue light is most apparent, and the sky appears § 
blue. At great heights, above most of the atmosphere, it appears black. 5 

When the sun is near the horizon, its light passes through more of the atmosphere # 
than when higher in the sky, resulting in greater scattering and absorption of blue and § 
green light, so that a larger percentage of the red and orange light penetrates to the § 
observer. For this reason the sun and moon appear redder at this time, and when 
this light falls upon clouds, they appear colored. This accounts for the colors at sunset | 
and sunrise. As the setting sun approaches the horizon, the sunset colors first appear as 
faint tints of yellow and orange. As the sun continues to set, the colors deepen. Con- 
trasts occur, due principally to difference in height of clouds. As the sun sets, the clouds 
become a deeper red, first the lower clouds and then the higher ones, and finally they! ~.- 
fade to a gray. 7 

When there is a large quantity of smoke, dust, or other material in the sky, unusual 
effects may be observed. If the material in the atmosphere is of suitable substance _ } 
and quantity to absorb the longer wave red, orange, and yellow radiations, the sky} -- + - | 
may have a greenish tint, and even the sun or moon may appear green. If the green; = 
light, too, is absorbed, the sun or moon may appear blue. A green moon or blue moon;- = ---_ -- 
is most likely te occur when the sun is slightly below the horizon and the longer wave- [P 
length light from the sun is absorbed, resulting in green or blue light being cast upon the 
atmosnhere in front of the moon. The effect is most apparent if the moon is on the same | 
side of the sky as the sun. 

3817. Rainbows.—The familiar arc of concentric colored bands seen when the sun}, -—  ~ 
shines on rain, mist, spray, etc., is caused by refraction, internal reflection, and diffrac- 





tion of sunlight by the drops of water. The center of the arc is a point 180° fromthe} — ~~ 
sun, in the direction of a line from the sun, through the observer. The radius of the 

brightest rainbow is 42°. The colors are visible because of the difference in the amount | “en 
of refraction of the different colors making up white light, the light being spread out to 
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" form a spectrum (art. 3816). Red is on the outer side and blue and violet on the inner 
side, with orange, yellow, and green between, in that order from red. 

Sometimes a secondary rainbow is seen outside the primary one, at a radius of 
about 50°. The order of colors of this rainbow is reversed. On rare occasions a faint 
rainbow is seen on the same side as the sun. The radius of this rainbow and the order 
of colors are the same as those of the primary rainbow. 

A similar are formed by light from the moon (a lunar rainbow) is called a moonbow. 
The colors are usually very faint. A faint, white arc of about 39° radius is occasionally 
seen in fog opposite the sun. This is called a foghow, although its origin is controversial, 
some considering it a halo (art. 3818). 

3818. Halos.—Refraction, or a combination of refraction and reflection, of light by 
ice crystals in the atmosphere (cirrostratus clouds, art. 3713) may cause a halo to appear. 
The most common form is a ring of light of radius 22° or 46° with the sun or moon at the 
center. Occasionally a faint, white circle with a radius of 90° appears around the sun. 
This is called a Hevelian halo. It is probably caused by refraction and internal reflec- 
tion of the sun’s light by bipyramida! ice crystals. A halo formed by refraction is 
usually faintly colored like a rainbow (art. 3817), with red nearest the celestial body, 
and blue farthest from it. 

A brilliant rainbow-colored arc of about a quarter of a circle with its center at the 

: zenith, and ihe bottom of the arc about 46° above the sun, is called a cireumzenithal are. 
+ Red is on the outside of the are, nearest the sun. It is produced by the refraction and 
: dispersion of the sun’s light striking the top of prismatic ice crystals in the atmosphere. 
- It usually lasts for only about 5 minutes, but may be so brilliant as to be mistaken 
- for an unusually bright rainbow. A similar arc formed 46° below the sun, with red on 
_ the upper side, is called a circumhorizontal arc. Any arc tangent to a heliocentric haio 
(one surrounding the sun) is called a tangent are. As the sun increases in elevation, 
‘ such arcs tangent to the halo of 22° gradually bend their ends toward each other. If 
they meet, the elongated curve enclesing the circular halo is called a circumscribed 
halo. The inner edge is red. 

A halo consisting of a faint, white circle through the sun and parallel to the horizon 
is called a parhelic circle. A similar one through the moon is called a paraselenic circle. 
They are produced by reflection of sunlight or moonlight from vertical faces of ice 
crystals. 

A parhelion (plural parhelia) is a form of halo consisting of an image of the sun 
at the same altitude and some distance from it, usually 22°, but occasionally 46°. A 
similar phenomenon occurring at an angular distance of 120° (sometimes 90° or 140°) 
from the sun is called a paranthelion. One at an angular distance of 180°, a rare occur- 
rence, is called an anthelion, although this term is also used to refer to a luminous, 
colored ring or glory sometimes seen sround the shadow of one’s head on a cloud or fog 
bank. A parhelion is popularly called a mock sun or sun dog. Similar phenomena in 
relation to the moon are called paraselene (popularly a mock moon or moon dog), 
parantiselene, and antiselene. The term parhelion should not be confused with 
perthelion, that orbital point nearest the sun when the sun is the center of attraction 
(art. 1407). 

A sun pillar is a glittering shaft of white or reddish light occasionally seen extending 
above and below the sun, usually when the sun is near the horizon. A phenomenon 
similar to a sun pillar, but observed in connection with the moon, is called a moon pillar. 
A rare form of halo in which horizontal and vertical shafts of light intersect at the sun 
is called a sun cross. It is probably due to the simultaneous occurrence of a sun pillar 
and a parhelic circle. 



































































































































882 WEATHER ELEMENTS 


1 RR TE ARN 


= 3819. Corona.—When the.sun or moon is seen through altostratus clouds (art. 
: 3713), its outline is indistinct, and it appears surrounded by a glow of light called a 
cornua. This is somewhat similar in appearance to the corona seen around the sun 
during a solar eclipse (art. 1424). When the effect is due to clouds, however, the glow | 
may be accompanied by one or more rainbow-colored rings of small radii, with the 
celestial body at the center. These can be distinguished from a halo by their much 
smaller radii and also by the fact that the order of the colors is reversed, red being on | 
the inside, nearest the body, in the case of the halo, and on the outside, away from the | 
body, 1n the case of the corona. . 

A corona is caused by diffraction of light by tiny droplets of water. The radius | | 
of a corona is inversely proportional tc the size of the water droplets. A large corona | 
mdicates small droplets. If a corona decreases in size, the water droplets are becoming | 
larger and the air more humid. This may be an indication of an approaching rainstorm. 

The glow portion of a corona is called an aureole. 

s 3820. The green flash.—-As light from the sun passes through the atmosphere, it is 
refracted. Since the amount of bending is slightly different for each color, separate 
images of the sun are formed in each color of the spectrum. The effect is similar to that | 
of imperfect color printing in which the various colors are slightly out of register. | 
However, the difference is so slight that the effect is not usually noticeable. At the 3 . 
horizon, where refraction is maximum, the greatest difference, which occurs between § 
violet ut one end of the spectrum and red at the other, is about 10 seconds of arc. At 4 a 
latitudes of the United States, about 0.7 second of time is needed for the sun to change 3 
altitude by this amount when it is near the horizon. The red image, being bent least & 
by refraction, is first to set and last to rise. The shorter wave blue and violet colors 2 
are scattered most by the atmosphere, giving it its characteristic blue color (art. 3816). 2 
Thus, as the sun sets, the green image may be the last of the colored images to drop out § 
of sight. If the red, orange, and yellow images are below the horizon, and the blue § . 
and violet light is scattered and absorbed, the upper rim of the green image is the only — . 
part seen, and the sun appears green. This is the green flash. The shade of green varies, 
and occasionally the blue image is seen, either separately or following the green flash { 
(at sunset). On rare occasions the violet image is also seen. These colors may also be 3 
seen at sunrise, but in reverse order. They are occasionally seen when the sun disappears | 
behind a cloud or other obstruction. 

The phenomenon is not observed at each sunrise or sunset, but under suitable con- | 
ditions is far more common than generally supposed. Conditions favorable to observa-! 
tion of the green flash are a sharp horizon, clear atmosphere, a temperature inversion | ae 
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(art. 3814), and an attentive observer. Since these conditions are more frequently met 
when the horizon is formed by the sea than by land, the phenomenon is more common 
at sea. With a sharp sea horizon and clear atmosphere, an attentive observer may see | : 
the green flash at as many as 50 percent of sunsets and sunrises, although a telescope | z 
may be needed for some of the observations. 
Duration of the green flash (including the time of blue and violet flashes) of as | 
long as 10 seconds has been reported, but such length is rare. Usually it lasts for a i _ 
oy. period of about % second to 2% seconds with about 1% seconds being average. This ' 
variability is probably due primarily to changes in the index of refraction (art. 1606) , 
of the air near the horizon. : 
Under favorable conditions, 2 momentary green flash has been observed at the 
setting of Venus and Jupiter. A telescope improves the chances of seeing such a flash . . «- 
from a plenet, but is not a necessity. 
3821. Crepuscular rays are beams of light from the sun passing through openings oe 
in the clouds, and made visible by illumination of dust in the atmosphere along their ° 
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: paths. Actually, the rays are virtually parallel, but because of perspective, appear to 

i diverge. Those appearing to extend downward are popularly called backstays of the 
sun, or sun drawing water. Those extending upward and acress the sky, appearing 
to converge teward a point 180° frc the sun, are called anticrepuscular rays. 

3822. The atmosphere and radio waves.—Radio waves traveling through the at- 
mosphere exhibit many of the properties of light, being refracted, reflected, diffracted, 
and scattered. These and other effects are discussed in chapter XL. 

3823. Atmospheric electricity.—Various conditions induce the formation of elec- 
trical charges in the atmosphere. When this occurs, there is often a difference of electron 
charge between various parts of the atmosphere, and between the atmosphere and 
earth or terrestrial objects. When this difference exceeds 8 certain minimum value, 
depending upon the conditicns, the static electricity is discharged, resulting in phe- 
nomena such as lightning or St. Elmo’s fire. 

Lightning is the discharge of electricity from one part of a thundercloud (art. 
3713) to another, from one such cloud to another, or between such a cloud and the 
earth or a terrestrial object. 

Enormous electrical stresses build up within thunderclouds, and between such 
clouds and the earth. At some point the resistance of the intervening air is overcome. 
At first the process is a progressive one, probably starting as a brush discharge (St. 

_ Elmo’s fire) and growing by ionizetion. The breakdown follows an irregular path 

: along the line of least resistance. A hundred or more individual discharges may be 

; necessary to complete the path between points of opposite polarity. When this “leader 

. stroke” reaches its destination, a heavy “main stroke” immediately follows in the 

, opposite direction. This main stroke is the visible lightning, which may be tinted any 
color, depending upon the nature of the gases through which it passes. The illumination 
is due to the high degree of ionization of the air, which causes many of the atoms to be 
in excited states and emit radiation. 

Thunder, the noise that accompanies lightning, is caused by the heating and ionizing 
of the air by lightning, which results in rapid expansion of the air along its path and the 
sending out of a compression wave. Thunder may be heard at a distance of as much as 
15 miles, but generally does not carry that far. The elapsed time between the flash of 
lightning and reception of the accompanying sound of thunder is an indication of the 
distance, because of the difference in travel time of light and sound. Since the former is 
comparatively instantaneous, and the speed of sound is about 1,117 feet per second, the 
approximate distance in nautical miles is equal to the elapsed time in seconds, divided by 
5.5. If the thunder accompanying lightning cannot be heard due to its distance, the 
lightning is called heat lightning, a phenomenon not unusual during continental “hot 
spells.” 

St. Elmo’s fire is a luminous discharge of electricity from pointed objects such 
as the masts and yardarms of ships, lightning rods, steeples, mountain tops, blades of 
grass, human hair, arms, etc., when there is a considerable difference in the electrical 
charge between the object and the air. It appears most frequently during a storm. An 
object from which St. Elmo’s fire emanates is in danger of being struck by lightning, 
since this type discharge may be the initial phtse of the leader stroke. Throughout 
history those who have not understood St. Elmo’s fire have regarded it with superstitious 
awe, considering it a supernatural manifestation. This view is reflected in the name 
corposant (from “corpo santo,” meaning “body of a saint”) sometimes given this 
phenomenon. 

The aurora is a luminous glow appearing in varied forms in the thin atmosphere 
high above the earth in middle and high latitudes due to radiation emissions from gases 
in the high atmosphere. 
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3824. Waterspouts.—A waterspout is a small, whirling sterm over the ocean or | 
inland waters. Its chief characteristic is a funnel-shaped cloud; when fully developed 
it extends from the surface of the water to the base of a cumulus type cloud (fig. 3824). ! 
The water in a spout is mostly confined to its lower portion, and may be either salt : 
spray drawn up by the sea surface, or freshwater resulting from condensation due to the 
Jowered pressure in the center of the vortex creating the spout. The air in waterspouts 
may rotate clockwise or counterclockwise, depending or the manner of formation. 
They are found most frequently in tropical regions, but are not uncommon in higher | 
latitudes. 

There are two types of waterspouts: those derived from violent convective storms 
over land moving seaward, called tornadoes, and those formed over the sea and which 
are associated with fair or foul weather. The latter type is most common, lasts a maxi- 
mum of 1 hour, and has variable strength. Many waterspouts are no stronger than dust 
whirlwinds, which they resemble; at other times they are strong enough to destroy small 
craft or to cause damage to larger vesscls, although modern ocean-going vessels have 
littie to fear from this type. 

Waterspouts vary in diameter from a few feet to several hundred feet, and in height 
from a few hundred feet to several thousand feet. Sometimes they assume fantastic 
shapes; in early stages of development an hour glass shape between cloud and sea is 
common. Since a waterspout is often inclined to the vertical, its actual length may be 
much greater than indicated by its height. : 

3825. Deck ice.—Ships traveling through regions where the air temperature is beiow 
freezing may acquire thick deposits of ice as a result of salt spray freezing on the rigging 
or deck areas (fig. 3825). This accumulation of ice is called ice accretion. Also, pre- 
cipitation may freeze to the superstructure and exposed areas of the vessel, increasing 
the load of ice. 

On small vessels in heavy seas and freezing weather, deck ice may accumulate 
very rapidly and increase the topside weight to such an extent as to reduce seriously 
the stability of the vessel. 

3826. Forecasting weather.—The prediction of weather at some future time is 
based upon en understanding of weather processes, and observations of present cordi- 
tions. Thus, one learns that when there is a certain sequence of cloud types (art. 3713), 
rain usually can be expected to follow within a certain period. If the sky is cloudless, 
more heat will be received from the sun by day, and more heat will be radiated outward | 
from the warm earth by night than if the sky is overcast. If the wind is in such a direc- | 
tion that warm, moist air will be transported over a colder surface, fog can be expected. 
A falling barometer indicates the approach of a “low,” probably accompanied by 
stormy weather. Thus, before meteorology passed from an “art” to “science,’’? many | 
individuals learned to interpret certain atmospheric phenomena in terms of future , - 
weather, and to make reasonably accurate forecasts for short periods into the future. : 

With the establishment of weather observation stations, continuous and accurate : ~ 
weather information became available. As such observations expanded, and communi- * 
cation facilities improved, knowledge of simultaneous conditions over wider ereas | 
became available. This made possible the collection of these “synoptic” reports at 
civilian and military forecast centers. 

The individual observations are made at government-operated stations on shore, : 
and aboard vessels at sea. Observations aboard merchant ships at sea are made and - 
transmitted on a voluntary and cooperative basis. The various national meteorological - 
services supply shipmasters with blank forms, printed instructions, and other materials 
essential to the making, recording, and interpreting of observations. Any shipmaster 
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Ficure 3824.—Waterspouts. 


can render a perticularly valuable service by reporting all unusual or non-normal 
weather occurre.-ves. 

Symbols and numbers are used to indicate on « synoptic chart, popularly called a 
weather map, the conditions at cach observation station. Isobars are drawn through 
lines of equal atmospheric pressure, fronts are located and symbolically marked 
(fig. 3826), areas of precipitation and fog are indicated, etc. 

Ordinarily, weather maps for surface observations are prepared every 6 (sometimes 
3) hours. In additien, synoptic charts for selected heights are prepared every 12 (some- 
times 6) hours. Knowledge of conditions aloft is of value in establishing the three- 
dimensional structure and motion of the atmosphere as input to the forecast. 
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Figure 3825.—Deck ice. 


With the advent of the digital computer, highly sophisticated numerical models | 
have been developed to analyze and prognosticate weather patterns. The civil and | 
military weather centers prepare and disseminate vast numbers of weather charts | 
(analyses and prognoses) daily to assist local forecasters in their efforts to provide users § 
with accurate, predicted weather parameters. It must be remembered that in any area, 5 
the accuracy of forecasted parameters decreases with the length of the forecast period. & 


Thus, 8 12-hour forecast is likely to be more reliable than a 24-hour forecast. Long term 
forecasts for 2 weeks or a month in advance are limited to general statements. For 2 
example, a priu:ction is made as to which areas will have temperatures above or below ; 
normal, and how precipitation will compare with normal, but no attempt is made to 
state that rainfall will occur at a certain time and place. 

Forecasts are issued for various areas. The national meteorological services of 
most maritime nations, including the United States, issue forecasts for ocean areas and 
warnings of the approach of storms. The efforts of the various nations are coordi- i 
nated through the World Meteorological Organization. ; 

3827. Dissemination of weather information is carried out in a number of ways. 
Forecasts are widely broadcast »y commercial and government radio stations, and — 
printed in newspapers. Shipping authorities on land are kept informed by telegraph and : 
telephone. Visual storm warnings are displayed in various ports, and storm warnings . 
are broadcast by radio. 

Through the use of codes, a simplified version of synoptic weather charts is trans- . 
mitted to various stations ashore and afloat. Rapid transmission of completed maps 
has been made possible by the development of facsimile transmitters and receivers. . 
This system is based upon detailed scanning , by a photoelectric detector, of properly 
illuminated black and white copy. The varying degrees of light intensity are converted | 
to electric energy which is transmitted to the receiver and converted back to a black | 
and white presentation. ' 

Complete information on dissemination of weather information by radio is pro- | 
vided in International Meteorological Codes 1972 and World Wide Synoptic Broadcasts, “ey, - 
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Figure 3826.—Designation of fronts on weather maps. 


NAVAIR 50-1P-11, published by The Naval Weather Service Command. This publi- 
cation lists br-adcast schedules and weather codes. Information on day and night 
visual storm urnings is given in the various volumes of sailing directions and coast 
pilots. 

3828. Interpreting the weather.—The factors which determine weather are numer- 
ous and varied. Ever-increasing knowledge regarding them makes possible a contin- 
ually improving weather service. However, the ability to forecast is acquired through 
study and long practice, and therefore the services of a trained meteorologist should 
be utilized whenever available. 

The value of a forecast is increased .f one har access to the information upon 
which it is based and understands the principles and processes involved. It is some- 
times as important to know the various types of weather shat might be experienced as 
it is to know which of several possibilities is most likely to occur. 

At sea, reporting staticns are unevenly distributed, sometimes leaving relatively 
large areas with incomplete reports, or none at all. Under these ccnditions, the loca- 
tions of highs, lows, fronts, etc., are imperfectly known, and their very existence may 
even be in doubt. At such times the mariner who can interpret the observations made 
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from his own vessel may be able to predict weather for the next several hours more | 
reliably than a trained meteorologist some distance away with incomplete information | 
for the area of concern. | 

Knowledge of the various relationships given in chapters XXXVII, XXXVII, | 
and XXXIX is of value, but only the more elementary principles are presented. Fur- 
ther information can be obtained from meteorological publications such as those listed 
at the ends of the weather chapters. The information obtained from these references - 
will pro {e a background for proper interpretation of individual weather experiences. 
If one uses every opportunity to observe and interpret weather sequences, knowledge 
and skill can be developed that will serve as a valuable supplement to information 
given in weather broadcasts, or to supply information for areas not covered by such 
broadcasts. 

3829. Influencing the weather.—Meteorological activities are devoted primarily _ 
to understanding weather processes and predicting future weather. However, as knowl- 
edge regarding cause-and-effect relationships increases, the possibility of being able 
to induce certain results by artificially producing the necessary conditions becomes 
greater. The most promising results to date have been in inducing or increasing pre- | 
cipitation on a local scale by “seeding” supercooled clouds with powdered dry ice or | 
silver iodide smoke. The effectiveness of this procedure on a larger scale is still con- ; 
wroversial. Experiments in decreasing the intensity of severe tropical cyclones (ie., 
hurricanes, typhoons), have been carried out but an operationa! method is still maxy 
years away. 
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CHAPTER XXXIX 
TROPICAL CYCLONES 


3901. Introduction—A tropicat cyclone is a cyclone (art. 3813) originating in the 
Tropics or subtropics. Although it generally resembles the extratropical cyclone origi- 
nating in higher latitudes, there are important differences, the principal one being the 


} 


concentration of a large amount of energy into a relatively small area. Tropical cyclo1 -s; 


are infrequent in comparison with middle- and high-latitude storms, but they have a 
record of destruction far exceeding that of any other type of storm. Because of their 
fury, and the fact that they are predominantly oceanic, they merit the special attention 
of all mariners, whether profess.onal or amateur. 

Rarely does the mariner who has experienced a fully developed tropical cyclone 
at sea wish to encounter a second one. He has learned the wisdom of avoiding them if 
possible. The uninitiated may be misled by the deceptively small size of a tropical 
cyclone as it appears on a weather riap, and by the fine weather experienced only a: 
few hundred miles from the reported center of such a storm. The rapidity with which : 
the weather can deteriorate with approach of the storm, and the violence of the fully | 
developed tropical cyclone, are difficult to visualize if they have not been experienced. 


On his second voyage to the New World, Columbus encountered a tropical storm. © 
Although his vessels suffered no damage, this experience proved valuable during his 
fourth voyage when his vessels were threatened by a fully developed hurricane. : 
Columbus recd the signs of an approaching storm from the appearance of a south- 4@ 
easterly swell, the direction of the high cirrus clouds, and the hazy appearance of the | 
atmosphere. He directed his vessels to shelter. ‘fhe commander of another group, who | 
did not heed the signs, lost most of his ships; more than 500 men in their crews perished. | 

3902. Definitions —Tropical cyclone is the general term for cyclones originating 7 
in the Tropics or subtropics. These cyclones are classified by form and intensity as 3 


follows: 


Tropical disturbance is a discrete system of apparently organized convection— 


generally 100 to 300 miles in diameter--having s nonfrontal migratory character, and { 


having maintained its identity for 24 hours or more. It may or may not be associated 
with a detectable perturbation of the wind field. It has no strong winds and no closed 
isobars i.e., isobars that completely enclose the low. (In successive stages of intensi- 
fication, the tropical cyclone may be classified as a tropical disturbance, tropical de- 
pression, tropical storm, and hurricane or typhoon.) 

Tropical depression has one or more closed isobars aud some rotary circulation 
at the surface. The highest sustained (1-minute mean) surface wind speed is 33 knots. | 

Tropical storm has closed isobars and a distinct rotary circulation. The highest | 
sustained (1-minute mean) surface wind speed is 34 to 63 knots. 


z 


t 


Hurricane or typhoon has closed isobars, a strong and very pronounced rotary { 
circulation, and a sustained (1-minute mean) surt ace wind speed of 64 knots or higher. 
390%. Areas of occurrence.—Tropical cyclones occur almost entirely in six rather - 


distinct areas, four in the Northern Hemisphere and two in the Southern Hemisphere 
as shown in figure 3903. The name by which the tropical cyclone is commonly known 
varies somewhat with the locality, as follows: 
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TROPICAL CYCLONES 891 

North Atlantic. A tropical cyclone with winds of 64 knots or greater is called a 
(hurricane. 

* Eastern North Pacific. The name hurricane is used as in the North Atlantic. 

Western North Pacific. A fully developed storm with winds of 64 knots or greater 
is called a typhoon or, locally in the Philippines, a baguio. 

North Indian Ocean. A tropical cyclone with winds of 34 knots or greater is called 
a cyclonic storm. 

South Indian Ocean. A tropical cyclone with winds of 34 knots or greater is called 
a cyclone. 

Southwest Pacific and Australian Area. The name cyclone is used as in the South 
Indian Ocean. A severe tropical cyclone originating in the Timor Sea and moving 
southwest and then southeast across the interior of northwestern Australia is called 
a willy-willy. 

Tropical cyclones have not been observed in the South Atlantic or in the South 
Pacific east of 140°W. 

3904. Origin, season, and frequency of occurrence of the tropical cyclones in the 
six areas are as follows: 

North Atlantic tropical cyclones can affect the entire North Atlantic Ocean in 
any month. However, they are mostly a threat south of about 35°N from June through 
November; August, September, and October are the months of highest incidence 
(tab. 3904). About 9 or 10 tropical cyclones (tropical storms and hurricanes) 
form each season; 5 or 6 reach hurricane intensity (winds of 64 knots and higher). 
A few hurricanes have generated winds estimated as high as 200 knots. Early- and 
_late-season storms usually develop west of 50°W; during August and September, this 
‘spawning ground extends to the Cape Verde Islands. These storms usually move 
westward or westnorthwestward at speeds of less than 15 knots in the lower latitudes. 
After moving into the northern Caribbean or Greater Antilles regions, they will usually 
either move toward the Gulf of Mexico or recurve and accelerate in the North Atlantic. 
Some will recurve after reaching the Gulf of Mexico, while others will continue westward 
to landfall (fig. 3904). 

Eastern North Pacific season is from June through October, although a storm 
-can form in any month. An average of 15 tropical cyclones (tropical storms and hur- 
ricanes) form each year with about 6 reaching hurricane strength. The most intense 
storms are often the early-and late-season ones; these form close to the coast and far 
south. Midseason storms form anywhere in a wide band from the Mexican-Central 
American coast to the Hawaiian Islands. August and September are the months of 
highest incidence. These storms differ from their North Atlantic counterparts in that 
they are usually smaller in size. However, they can be just as intense. 

Western North Pacific. More tropical cyclones form in the tropical western North 
Pacific than anywhere else in the world. More than 25 (tropical storms and typhoons) 
develop each year, and about 18 become typhoons. These typhoons are the largest 
and most intense tropical cyclones in the world. Each year an average of five generate 
‘maximum winds over 130 knots; circulations covering more than 600 miles in diameter 
are not uncommon. Most of these storms form east of the Philippines, and move across 
the Pacific toward the Philippines, Japan, and China; a few storms form in the South 
China Sea. The season extends from April through December. However, tropical cy- 
clones are more common in the off-season months in this arva than anywhere else. The 
peak of the season is July through October, when nearly 70 percent of all typhoons 
develop. There is a noticeable seasonal shift in storm tracks in this region. From July 
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3904.—Storm tracks. The width of the arrow indicates the 
the higher the frequency. Isolines on the base map show tho-resultant. direction toward which storms moved. Data for 


the entire year has been summarized for this figure. 
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TROPICAL STORMS AND CYCLONES ' 


* Less than 05 * Winds > 48 Kts, 


Monthly values cannot be combined because single storms overlapping two months were counted once in each month and once in the annual, 


Tasie 3904.—Monthly and annual average number of storms per year for each area. 


through September, storms move north of the Philippines and recurve, while early- ; 
and late-season typhoons move on a more westerly track through the Philippines before § 


recurving (fig. 3904). 

North Indian Ocean tropical cyclones develop in the Say of Bengal and Arabian 
Sea during the spring and fall. Tropical cyclones in this area form between latitudes 
8°N and 15°N, except from June through September, when the little activity that does | 


occur is confined north of about 15°N. These storms are usually short-lived and weak; | hb 


however, winds of 130 knots have been encountered. They often develop as perturba- | 
tions along the Intertropical Convergence Zone (ITCZ); this inhibits suramertime | 
development since the ITCZ (art. 3905) is usually over land during this monsoon season. 


However, it is sometimes displaced southward, and when this occurs, storms will form |- 


over the monsoon-flooded plains of Bengal. On the average, six cyclonic storms fo.m each 
year. These include two storms that generate winds of 48 knots or greater Anvuther 10 
tropical cyclones never develop beyond tropical depressions. The Bay of Bengal is the 
area of highest incidence. However, it is not unusual for a storm to move across southern 
India and reintensify in the Arabian Sea. This is particularly true during October— 
the month of highest incidence during the tropical cyclone season. It is also during this 


period that torrential rains from these storms dumped over already rain-soaked areas | 


cause disastrous floods. 
South Indian Ocean. Over the waters west of 100°E to the east African coast, an 
average of 11 tropical cyclones (tropical storms and hurricanes) form each season, 
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and about 4 reach hurricane intensity. The season is from December through March, 
‘although it is possible for a storm to form in any month. Tropical cyclones in this 
region usually form south of 10°S. The latitude of recurvature usually migrates from 
about 20°S in January to around 15°S in April. After crossing 30°S, these storms 
sometimes become intense extratropical lows. 

Southwest Pacific and Australian Area. These tropical waters spawn an annual 
average of 15 tropical cyclones (tropical storms and hurricanes), 4 of which reach 

* hurricane intensity. The season extends from about December through April, although 
storms can form in any month. Activity is widespread in January and February, and 
it is in these months that tropical cyclones are most likely to affect Fiji, Samoa, and 
the other eastern islands. 

Tropical cyclones usually form in the waters from 105°E to 160°W, between 5° 
and 20°S. Storms affecting northern and western Australia often develop in the Timor 
or Arafura Sea, while those that affect the east coast form in the Coral Sea. These 
storms are often small, but can develop winds in excess of 130 knots. New Zealand is 

= sometimes reached by decaying Coral Sea storms; occasionally, it is reached by an 
intense hurricane. In general, tropical cyclones in this region move southwestward 
and then recurve southeastward (fig. 3904). 
3905. Hurricane formation was once believed to result from an intensification of 
convective forces which produce the cumulcnimbus towers of the doldrums. This view 
of hurricane generation held that surface heating caused warm moist air to ascend 
; convectively to levels where condensation produced cumulonimbus clouds, which, after 
? an inexplicable drop in atmospheric pressure, coalesced and were spun into a cyclonic 
£ motion by Coriolis force. 
vag . This hypothesis left much to be desired. Although some hurricanes develop from 
disturbances beginning in the doldrums (art. 3805), very few reach maturity in that 
- region. Also, the high incidence of seemingly ideal convective situations does not match 
. the low incidence of Atlantic hurricanes. Finally, the hypothesis did not explain the 
drop in atmospheric pressure, so essential to developme’ ’ of hurricane-force winds. 

There is still no exact understanding of the triggermg mechanism involved in 
hurricane generation, the balance of conditions needed to generate hurricane circulation, 

‘and the relationships between large- and small-scale atmospheric processes. But scien- 
j tists today, treating the hurricane system as an atmospher.c heat engine, present a 
“more comprehensive and convincing view. 

; They begin with a starter mechanism in which either internal or external forces 
‘intensify the initial disturbance. The initial disturbance becomes a region into which 
low-level air from the surrounding area begins to flow, accelerating the convection 
already occurring inside the disturbance. The vertical circulation becomes increasingly 
well organized as water vapor in the ascending moist layer is condensed (releasing 
large amounts of heat energy to drive the wind system) and as the system is swept into 
a counterclockwise cyclonic spiral. But this incipient hurricane would soon fill up 
because of inflow at lower levels unless the chimney in which converging air surges 
upward is provided the exhaust mechanism of high-altitude winds. 

These high-altitude winds (fig. 3905) pump ascending air out of the cyclonic 

a system into a high-altitude anticyclone, which transports the air well away from the 
disturbance before sinking occurs. Thus, a lerge scale vertical circulation is set up in 
which low-level air is spiraled up’ the cyclonic twisting of the disturbance, and, after a 
trajectory over the sea, returned to lower altitudes some distance from the storm. This 
pumping action—and the heat released by the ascending air—may account for the 
sudden drop of atmospheric pressure at the surface, which produces the steep pressure 
gradient along which winds reach hurricane proportions. 
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It is believed that the interaction of low-level and high-altitude wind systems 
determines the intensity the hurricane will attain. If less air is pumped out than con- 
verges at low levels, the system will fill and die out. If more is pumped out than flows | 
in, the circulstion will be sustained and will intensify. 

Research has shown that any process which increases the rate of low-leval inflow | 
is favorable for hurricane development, provided the inflowing sir carries sufficient 
heat and moisture to fuel the hurricane’s power system. It has alzo been shown that 
air above the developing disturbance at altitudes between 20,000 and 40,000 feet in- 
creases 1° to 3° in temperature about 24 hours before the disturbance develops into 
a hurricane. But it is not known whether low-level inflow and high-level warming 
cause hurricanes. They could very well be measureble symptoms of another effect 
which actually triggers the storm’s increase to isurricane intensity. 

The view of hurricanes as atmospheric engines is necessarily a general one. The 
exact role of each contributor is not completely understood. The engine seems to be - 
both inefficient and unreliable; a myriad of delicate conditions must be satisfied for, 
the atmosphere to produce a hurricane. Their relative infrequency indicetes that many ; 

a potentially healthy hurricane ends early as » niisfiring dud of a disturbance, some- | 
where over the sea. i 

3906. Portrait of a hurricane.—In the early life of ihe hurricane, the spiral covers! 
an area averaging 100 miles in diameter with winds of 64 knots and greater, and spreads / 
gale-force winds over a 400-mile diameter. The cyclonic spiral (fig. 3906) is marked byt i 
heavy cloud bands from which torrential rains fall, separated by areas of light rain or4 
no rain at all. hese spiral bands ascend in decks of cumulus and cumulonimbus clouds § 
to the convective limit of cloud formation, where condensing water vapor is swept 4 
off as ice-crystal wisps of cirrus clouds. Thunderstorm elecirical activity is observed in 

| 
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these bands, both as lightning and as tiny electrostatic discharge. 

In the lower few thousand feet, air flows in through ihe cyclone, and is drawn 
upward through ascending columns of air near the center. The size and intensity de- 
crease with altitude, the cyclonic circulation being gradually replaced above 40,000 
feet by an anticyclonic circulation centered hundreds of miles away—thne enormous 
high-altitude pump which is the exhaust system of the hurricane heat engine. 

At lower levels, where the hurricane is more intense, winds on the rim of the storm 
follow-a wide pattern, like the slower currents around the edge of a whirlpcol; and, like 
those currents, these winds accelerate as they approach the center of the vortex. The 













HIGH ALTITUQE WINDS 


Fieure 3905.--Pumping action of high altitude winds. 













































































































































































































































































































































TROPICAL CYCLONES 897 


outer band has light winds at the rim of the storm, perhaps no more than 25 knots; 
. Within 30 miles of the center, winds may have velocities exceeding 130 knots. The inner 
-band is the region of maximum wind velocity, where the storm’s worst winds are felt, 
and where ascending air is chimneyed upward, releasing heat to drive the storm. In 
‘ most hurricanes, these winds reach 85 knots and more than 170 knots in the more 
memorable ones. 

Tn the hurricane, winds flow toward the low pressure in the warm, comparatively 
calm core. There, converging air is whirled upward by convection, the mechanical 
thrusting of other converging air, and the pumping action cf high-altitude circulations. 
This spiral is marked by the thick cloud walls curling inward toward the storm center, 

: releasing heavy precipitation and enormous quantities of heat energy. At the center, 
surrounded by a band in which this strong vertical circulation is greatest, is the eye of 
the hurricane. 
The eye, like the spiral rainbands, is unique to the hurricane; no other atmospheric 
: phenomenon has this calm core. On the average, eye diameter is about 14 miles, al- g i 
though diameters of 25 miles are not unusual. From the heated tower of maximum 

winds and cumulonimbus clouds, winds diminish rapidly to something less than 15 
_miles per hour in the eye; at the opposite wall, winds increase again, but come from the 

opposite direction because of the cyclonic circulation of the storm. This transformation 

_of storm into comparative calm, and calm into violence from another quarter is spectacu- 

‘lar. The eye’s abrupt existence in the midst of opaque rainsqualls and hurricane winds, 

‘the intermittent bursts of blue sky and sunlight through light clouds in the core of the 

: cyclone, and the galleried cumulus and cumulonimbus clouds are unforgettable. 

. That is how an average hurricane is structured. But every hurricane is individual, 

‘ “and the more or less orderly circulation described here omits the extreme variability 
and instability within the storm system. Pressure and temperature gradients fluctuate 

“wildly across the storm as the hurricane maintains its erratic life in the face of forces 






























= eyamestenett mu Mwanntimratmnie mivausamsncntRemRNeRianRELRUMInOMURN NALINI RNITIN 
" 
“ 





Ficurr 3906.—Cutaway view of a hurricane greatuy exaggerated in verticul dimension. Actual 
hurricanes are less than 50,000 feet high and may have a diameter of several hundred miles. 
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which will ultimately destroy it. If it is an August storm, its average life expectancy is 
12 days; if a July or November storm, it lives an average of 8 days. 

3907. Life of a tropical cyclone.—Reports from ships in the vicinity of an easterly 
wave ‘a westward-moving trough of low pressure embedded in deep easterlies) indicate 
that the atmospheric pressure in the region has fallen more than 5 millibars in the past 
24 hours. This is cause for alarm because in the Tropics pressure varies little; the normal 
diurnal pressure change is only about 3 millibars. Satellite pictures indicate thickening 
middle and high clouds, squalls are reported ahead of the easterly weve, and wind 
reports indicate a cyclonic circulation is forming. The former easterly wave—now 
classified a tropical disturbance—is moving westward at 10 knots under the canopy of a 
large high-pressure system aloft. Sea surface temperatures in the vicinity are in the 
mid-80°F range. 

Within 48 hours winds increase to 25 knots near the center of definite circulation, 
and central pressure has dropped below 1000 millibars. The disturbance is now classified 
as a tropical depression. Soon the circulatioa extends out to 100 miles and upward to 
20,000 feet. Winds near the center increase to gale force, central pressure falls below 
990 millibars, and towering cumulonimbus clouds shield a developing eye; a tropical 
storm has developed. 

Satellite photographs now reveal a tightly organized tropical cyclone, and recon- 
naissance reports indicate maximum winds of 80 knots around a central pressure of § q 
980 millibars; a hurricane has developed. A ship to the right (left in the Southern ¢ 
Hemisphere) of the hurricane’s center (looking toward the direction of storm movement) 2 
reports a 30-foor sea. The hurricane is fast maturing; it continues eastward. E 

A few days later the hurricane reaches its peak. The satellite photographs a text- Z 
book picture (fig. 3907), as 120-knot winds roar around a 940-millibar pressure center; 8 
hurricane-force winds extend 50 miles in all directions, and seas are reported up to & 
40 feet. There is no further deepening now, but the hurricane begins to expand. In 23 


Pn NRE , 





days, gales extend out to 200 miles, and hurricane winds out to 75 miles. Then the E és 


hurricane slows and begins to recurve; this turning marks the beginning of the end. : 
The hurricane accelerates, and, upon reaching the temperate latitudes, it begins g- 
to lose its tropical characteristics. The circulation continues to expand, but now cold § 


air is intruding (cold air, cold water, dry air aloft, and land aid in the decay of af . or: 


tropical cyclone). The warm core survives for a few more days before the transformation 
to a large extratropical low-pressure system is complete. 

Not all tropical cyclones follow this ideal pattern. Most falter in the early stages, 
some dissipate over land, and others remain potent for several weeks. ig 

The lowest-sea-level pressure ever recorded was 877 millibars in typhoon Ida, | 
on September 24, 1958. The observation was taken by a reconnaissance aircraft dzop-j| - - 
sonde some 750 miles east of Luzon, Philippines. This observation was obtained again | 3 3 
in typhoon Nora on October 6, 1973. The lowest barometric reading of record for the | - 
United States is 892.3 millibars obtained during a hurricane at Lower Matecumbe Key, [ 
Florida in September 1935, In hurricane Camille in 1969, 2 905 millibar pressure was | 
measured by reconnaissance aircraft. During 1 1927 typhoon, the S. 3. Sapoeroea* 
recorded a pressure of 886.6 millibars, the lowest sea-level pressure reported from a ship. . 
Pressure has been observed to drop more than 33 millibars per hour, with a preesure 
gtadient amounting to a change of 3.7 millibars per mile. 

3908. The marine weather broadcast is the most important tool the mariner hes | i: 
for avoiding the tropical cyclone. This broadcast, covering all tropical areas, provides | 
information about the tropical cyclone’s present location, maximum winds and seas, ~ 
and future condition. 

































































































































































































Ficcre 3907.—Satellite photograph of hurricane. 


The U. S. Navy, the National Oceanic and Atmospheric Administration, ard the 


_ U.S. Air Force have developed a highly effective surveillance system for the tro ical 


cyclone areas of the world. Routine and special weather reports (from iand stations, 
ships at sea, aircraft; daytime weather satellite reports; radar reports from land stations; 
special reports from ships at sea: and the specially instrumented weather reconnaissance 
aircraft of National Oceanic and Atmospheric Administration and the U.S. Air Force) 
enable accurate detection, location, and tracking of tropical cyclones. International 
cooperation is good. In addition to improved satellites permitting nighttime surveillance. 
data buoys provide another new source of information for the protection of the mariner. 
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The tropical warning services have three principal functions: 

1. the collection and enalysis of the necessary observational data; 

2. the preparation of timely and accurate forecasts and warnings; and 

3. the rapid and efficient distribution of advisories, warnings, and al! other pertinent 
information. 

To provide timely and accurate information and warnings regarding. tropical 
cyclones, the oceans have oeen divided into overlapping geographical areas of 
responsibility. 

For detailed information on the areas of responsibility of the countries participating 
in the international forecasting and warning program, and radio aids, refer to World- 
wide Marine Weather Broedcasts, published jointly by the Naval Weather Service 
Command and the Nationa! Weather Service. 

Although the areas of forecasting iesponsibility are fairly well defined for the 
Department of Defense, the international and domestic civilian system provides many 
overlaps and is dependent upon qualitative factors. For example, when-a tropical 
storm or hurricane is traveling westward snd crosses 35°W longitude, the continued 
issuance of forecasts and warnings to the general public, shipping interests, etc., becomes ; 
the responsibility of the National Hurricane Center of the National Weather Service | \ 
at Miami, Florida. When 2» tropical storm or hurricane crosses 35°W longitude traveliag | i 
from west to east, the National Hurricane Center ceases to issue formal public ad- j 
visories, but wiil issue marine bulletins o. any dangerous tropical cyclone in the } 
North Atlantic, if it is of importance or constitutes a threat to shipping and other 
interests. These advisories are included in Natior.al Weather Service Marine Bulletins 
broadcast to ships four times daily at 0030, 0600, 1230, and 1830 GMT, over radio 
station NAM Norfolk, Virginia. Special advisories may be issued at any time. 

In the eastern Pacific (east of longitude 140°W), responsibility for the issuance 
of tropical storm and hurricane advisories and warnings for the general public, mer- 
chant shipping, and other interests rests wit!, the National Weether Service Eastern 
Pacific Hurricane Center, San Francise:., California. The Department of Defense 
responsibility rests with the U. S. Navy’s Fleet We:.th.: Central, Pearl Harbor, Bawaii. 
Formal advisories and warnings are isstxd at J3C0, 0900, 1500, and 2100 GMT, and; 
are included in the marine bulletins hioadcast by radio stations KPH, KMI, KFS, i 
NMC, ELH, DOE, NMQ, and KU. : i 

In the central Pacific (betwen the 186th meridian and i ugi‘ude 140°W), the | 
civilian responsibility rests with the Nationa! Weather Servic. Central Pacific Hurri- — 
cane Center, Honolulu Hawaii. Department of Defer. responsibility rests with the ; 
U.S. Navy’s Fleet Weather Central, Pearl Harbor. Formal tropical storm an4 hurricane ; ' 
advisories and warnings are issued at 0300, 0900, 1500, and 2160 GMT, and are | 
included in the marine bulletins broadcast by radio station KHK. : 

Tropical cyclone information messages generally contain position of tle storm, ; 
intensity, direction and speed of movement, and a description cf the area of strong 
winds. Also included is a forecast of future movement and intensity. When the storm 
is likely to affect any land area, details on when and where it will be fut, and data 
on tides, rain, floods, and maximum winds are also included. Figure 2908 provides 
an example of a marine advisory issued by the National Hurricane Center. 

The U.S. Nevy’s Fleet Weather Central in Guam, with its built-in Joint (Navy 
and Air Force) Typhoon Warning Center (JTWC), has a primary area of responsibility 
for all U.S. tropical storm and typhoon advisories and warnings from the 180th meridian , 
westward to the mainland of Asia. A secondary area of responsibility extends westward be ww 
to longitude 90°E. Whenever a tropical cyclone is observed in the western North 
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TROPICAL CYCLONES 


NOAA/NATIONAL HURRICANE CENTER MARINE ADVISORY NUM- 
BER 13 HURRICANE LADY 0406Z SEPTEMBER 21 19--. 


HURRICANE WARNINGS ARE DISPLAYED FROM KEY LARGO TO 
CAPE KENNEDY. GALE WARNINGS ARE DISPLAYED FROM KEY ‘ 
WEST TO JACKSONVILLE AND FROM FLORIDAY BAY TO CEDAR KEY. 


HURRICANE CENTER LOCATED NEAR LATITUDE 25.5 NORTH 
LONGITUDE 78.5 WEST AT 21/0400Z. POSITION EXCELLENT AC- 
CURATE WITHIN 10 MILES BASED ON AIR FORCE RECONNAISSANCE 
AND SYNOPTIC REPORTS, 


PRESENT MOVEMENT TOWARD THE WEST NORTHWEST OR 285 
DEGREES AT 10 KT. MAXSUSTAINED WINDS OF 100 KT NEAR 
CENTER WITH GUSTS TO 160 KT, 

MAX WINDS OVER INLAND AREAS 35 KT, 

RAD OF 65 KT WINDS 90 NE 60 SE 80 SW 90 NW’ QUAD, 

RAD OF 50 KT WINDS 120 NE 70 SE 90 SW 120 NW QUAD, 

RAD OF 30 KT WINDS 210 NE 210 SE 210 SW 210 NW QUAD. 
REPEAT CENTER LOCATED 25. 5N 78.3W at 21/0400Z. 


12 HOUR FORECAST VALIE- 21/1600Z LATITUDE 26.0N LONGI- 
TUDE 80. 5W. 

MAX WINDS OF 100 KT NEAR CENTER WITH GUSTS TO 160 K1. 
MAX WINDS OVER INLAND AREAS 65 KT. 

RATIUS OF 50KT WINDS 120 NE 70 SE 90 SW 120 NW QUAD. 

24 HOUR FORECAST VALID 22/0400Z LATITUDE 26. 0N 
LGNGITUDE 83.0W. 

MAX WINDS OF 75 KT NEAR CENTER WITH GUSTS TO 120 KT. 
MAX WINDS OVER INLAND AREAS 45 KT, 

RADIUS OF 50 KT WINDS 120 NE 120 SE 120 SW 120 NW QUAD, 


STORM TIDE OF 9 TO 12 FT SOUTHEAST FLA COAST GREATER 
MIAMI AREA TO THE PALM BEACHES, 


NEXT ADVISORY AT 21/1000Z. 
Ficurr 3908,—Example of marine advisory issued by National Hurricane Center. 


Pacific area, serially numbered warnings, bearing an immediate precedence are broad- 
cast from the Fleet Weather Central/JTWC at 0000, 0600, 1200, and 1800 GMT. 

The responsibility for issuing gale and storm warnings for the Indian Ocean, 
Arabian Sea, Bay of Bengal, Western Pacific, and South Pacific rests with many 
countries. In general, warnings of approsching tropical cyclones which may be hazard- 
ous will include the following information: storm type, central pressure given in milli- 
.bars, windspeed observed within the storm, storm location, speed and direction of 
movement, the extent of the affected urea, visibility, and the state of the sea, as well 
as any other pertinent inf. nation received. All storm warning messages commence 
with the international call sign “TTT.” 

These warnings are broadcast on prespecified radio frequency bands immediately 
upon receipt of the information and at specific intervals thereafter. Generally, the 
broadcast interval is every 6 to 8 hours, depending upon reczipt of new information. 

Bulletins and forecasts are excellent guides to the present and future behavior of 
the tropical cyclone, and a plot should be kept of all positions. 

3909. The passage of a tropical cyclone at sea is an experience not soon to be 
forgotten. 

An early indication of the approach of such a storm is the presence of a long swell. 
In the absence of a tropical cyclone, the crests of swell in the deep waters of the Atlantic 
pass at the rate of perhaps eight per minute. Swell generated by a hurricane is about 
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902 TROPICAL CYCLONES 


i 


twice as long, the crests passing at the rate of perhaps four per minute. Swell may bez 
observed several days before arrival of the storm. ; 
When the storm center is 500 to 1,000 miles away, the barometer usually rises aj 
little, and the skies are relatively clear. Cumulus clouds, if present at all, are few in 
number and their vertical development appears suppressed. The barometer usually 
appears restless, pumping up and down a few hundredths of an inch. 
As the tropical cyclone comes nearer, a cloud sequence begins which resembles 
that associated with the approach of a warm front in middle latitudes (art. 3811). 
Snow-white, fibrous ‘‘mare’s tails’’ (cirrus) appear when the storm is about 300 to 
600 miles away. Usually these seem to converge, more or less, in the direction from which, 
: the storm is approaching. This convergence is particularly apparent at about th 
time of sunrise and sunset. 
Shortly after the cirrus appears, but sometimes before, the barometer starts a 
long, slow fall. At first the fall is so gradual that it only appears to alter somewhat the 
: norma! daily cycle (two maxima and two minima in the Tropics). As the rate of fall 
increases, the daily pattern is completely lost in the more or less steady fall. | 
The cirrus becomes more confused and tangled, and then gradually gives way to a} 
continuous veil of cirrostratus. Below this veil, altostratus forms, and then strato 
cumulus (art. 3713). These clouds gradually become more dense, and as they do so; 
the weather becomes unsettled. A fine, mist-like rain begins to fall, interrupted from§ . 
time to time by showers. The barometer has fallen perhaps a tenth of an inch. q 
As the fall becomes more rapid, the wind increases in gustiness, and its speed4 
becomes greater, reaching a value of perhaps 22 to 40 knots (Beaufort 6-8). On thej 
, horizon appears a dark wall of heavy cumulonimbus (art. 3713), the bar of the storm 
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cirrostratus can be seen through breaks in the stratocumulus. g 

As the bar approaches, the barometer falls more rapidiy and wind speed increases. 
The seas, which have been gradually mounting, become tempestuous. Squall lines,2: 
one after the other, sweep past in ever increasing number and in‘ensity. é 

With the arrival of the bar, the dey becomes very dark, squalls become virtually3 
continuous, and the barometer falls precipitously, with a rapid increase in wind speed.4 
The center may still be 100 to 200 miles away in a fully developed tropical cyclone. As; 
the cer ter of the storm cor. 3 closer, the ever-stronger wind shrieks through the rigging 
and about the superstructure of the vessel. As the center approaches. rain falls in 
torrents. The wind fury increases. Tne seas become mountainous. The tops of huge 
waves are blown off to mingle with the rain ard fill the air with water. Objecis at a 
short distance are not visible. Even the largest and most seaworthy vessels become 
virtually unmanageable, and may sustain heavy damage. Less sturdy vessels may not} 
survive. Navigation virtually stops as safety of the vessel becomes the prime con- a 
sideration. The awesome fury of this condition can only be experienced. Words are a 
inadequate to describe it. 

If the eye of the storm passes over the vessel, the winds suddenly drop to a breeze! 
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ome as the wall of the eye passes. Tho rain stops, and the skies clear sufficiently to permit; 

the sun to shine through holes in the comparatively thin cloud cover. Visibility im-| 

i proves. Mountainous seas approach from all sides, apparently in complete confusion 
t The barometer reaches its lowest point, which may be 1% or 2 inches below! 
LL : normal in fully developed tropical cyclones. As the wall on the opposite side! 





of the eye arrives, the full fury of the wind strikes as suddenly as it. ceased, but from! 
the opposite direction. The sequence of conditions that occurrec. during re 
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of the storm is reversed, and pass more quickly, as the various parts of the storm are 
not as wide in the rear of a storm as on its forward side. 

Typical cloud formations associated with a hurricane are shown in figure 3909. 
3910. Locating the center of a tropical cyclone.—If intelligent action is to be 


_taken to avoid the full fury of a tropical cyclone, early determination of its location and 


direction of travel relative to the vessel is essential. The bulletins and forecasts are 
an excellent general guide, but they are not infallible and may be sufficiently in error 
to induce a mariner in a critical position to alter course so as to unwittingly increase 
the danger to his vessel. Often it is possible, using only those observations made aboard 
ship, to obtain a sufficiently close approximation to enable the vessel to maneuver 
to the best advantage. 

As stated in article 3909, the presence of an exceptionally long swell is usually 
the first visible indication of the existence of a tropical cyclone. In deep water it ap- 
proaches from the general direction of origin (the position of the storm center when 


the swell was generated). However, in shoaling water this is a less reliable indication 


because the direction is changed by refraction, the crests being more nearly varallel 
to the bettom contours. 

When the cirrus clouds appear, their point of convergence provides an indication 
of the direction of the storm center. If the storm is to pass well to one side of the ob- 
server, the point of convergence shifts slowly in the direction of storm movement. 
If the storm center will pass near the observer, this point remains steady. When the 
bar (art. 3909) becomes visible, it appears to rest upon the horizon for several hours. 
The darkest part of this cloud is in the direction of the storm center. If the storm is 
to pass to one side, the bar appears to drift slowly along the horizon. If the storm is 
heading directly toward the observer, the position of the bar remains fixed. Once 
within the area of the dense, low clouds, ene should observe their direction of move- 
ment, which is almost exactly along the isobar ;, with the center of the storm being 90° 
from the direction of cloud movement (left of direction of movemeut in the Northern 
Hemisphere, and right in the Southern Hemisphere). 
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Figure 3909.—Typical hurricane cloud formations. 
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904 TROPICAL CYCLONES 


The winds are probably the best guide to the direction of the center of a tropical 
cyclone. The circulation is cyclonic (art. 3812), but because of the steep pressure 
gradient near the center, the winds there blow with greater violence and are more j 

nearly circular than in extratropical cyclones. 

According to Buys Ballot’s law (art. 3812) an observer who faces into the wind 
has the center of the low pressure on his right in the Northern Hemisphere, and on his 
left in the Southern Hemisphere, and in each case somewhat behind him. If the wind . 
followed circular isobars exactly, the center would be exactly 8 points, or 90°, from 
dead ahead when facing into the wind. However, the track of the wind is usually 
inclined somewhat toward the center, so that the angle from dead ahead varies be- 
tween perhaps 8 and 12 points (90° to 135°). The inclination varies in different parts 
of the same storm. It is least in front of the storm, and greatest in the rear, since the 
: actual wind is the vector sum of that due to the pressure gradient and the motion of 
the storm along the track. A good average is perhaps 10 points in front, and 11 or 12 | 
points in the rear. These values apply when the storm center is still several hundred 
miles away. Closer to the center, the wind blows more nearly along the isobars, the 
inclination being reduced by one or two points at the wall of the eye. Since wind direc- 
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5 Figure 3910a.—Approximate relationship of wind to isobars and storm center in the Northera 
Hemisphere. 2 
































































































































TROPICAL CYCLONES 905 


tion usually shifts temporarily during a squall, its direction at this time should not be 
used for determining the position of the center. The approximate relationship of wind 
to isobars and storm center in the Northern Hemisphere is shown in figure 3910a. 

When the center is within radar range, it might be located by this equipment. 
However, since the radar return is predominantly from the rain, results can be decep- 
tive, and other indications should not be neglected. Figure 3910b shows a radar PPI 
presentation of a tropical cyclone. If the eye is out of range, the spiral bands (fig. 3910b) 
may indicate its direction from the vessel. Tracking the eye or upwind portion of the 
spiral bands enables determining the direction and speed of movement; this should be 
done for at least 1 hour because the eye tends to oscillate. The tracking of individual 
cells, which tend to move tangentially around the eye, for 15 minutes or more, either 
at the end of the band or between bands, will provide an indication of the wind speed 
in that area of the storm. 

Distance from the storm center is more difficult to determine than direction. 
Radar is perhaps the best guide. However, the rate of fall of the barometer is some 
indication. 

2911. Maneuvering to avoid the storm center.—The safest procedure with respect 
to tropical cyclones is to avoid them. If action is taken sufficiently early, this is simply a 

: Matter of setting a course that will take the vessel well to one side of the probable 
track of the storm, and then continuing to plot the positions of the storm center, as 
given in the weather bulletins, revising the course as needed. 

: However, such action is not always possible. If one finds himself within the storm 

* area, the proper action to take depends in part upon his position relative to the storm 

“ center and its direction of travel. It is customary to divide the circular area of the 

+ storm into two parts. In the Northern Hemisphere, that part to the right of the storm 

_ track (facing in the direction toward which the storm is moving) is called the dangerous 
semicircie. It is considered dangerous because (1) the actual wind speed is greater 
than that due to the pressure gradient alone, since it is augmented by the forward 
motion of the storm, and (2) the direction of the wind and sea is such as to carry a vessel 
into the path of the storm (in the forward part of the semicircle). The part to the left 





Figure 3910b.— Radar PPI presentation of a tropical cyclore. 
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TROPICAL CYCLONES 


of the storm track is called the navigable semicircle. In this part, the wind is decreased 
by the forward motion of the storm, and the wind blows vessels away from the storm 
track (in the forward part). Because of the greater wind speed in the dangerous semi- ; 
circle, the seas are higher than in the navigable semicircle. In the Southern Hemi- 
sphere, the dangerous semicircle is to the left of the storm track, and the navigable 
semicircle is to the right of the storm track. 

A plot of successive positions of the storm center should indicate the semicircle in 
which a vessel is located. However, if this is based upon weather bulletins, it is not a 
reliable guide because of the lag between the observations upon which the bulletin is | 
based and the time of reception of the bulletin, with the ever present possibility of a 
change in the direction of motion of the storm. The use of one’s radar eliminates this 
lag, but the return is not always a true indication of the center. Perhaps the most 
reliable guide is the wind. Within the cyclonic circulation, a veering wind (one changing 
direction to the right in the Northern Hemisphere and to the left in the Southern Hemi- 
sphere) indicates the vessel is prebably in the dangerous semicircle, and a backing wind | 
(one changing in a direction opposite to a veering wind) indicates the vessel is probably 
in the navigable semicircle. However, if a vessel is underway, its motion should be con- 
sidered. If it is outrunning the storm or pulling rapidly toward one side (which is not 
difficult during the early stages of a storm, when its speed is low), the opposite effect 
occurs. This should usually be accompanied by a rise in atmospheric pressure, but if 3 
motion of the vessel is nearly along an isobar, this may not be a reliable indication. If 4 
in doubt, the safest action is usually to stop long enough to determine definitely the 3 
semicircle, The loss in valuable time may be more than offset by the minimizing of the 4 
possibility of taking the wrong action and increasing the danger to the vessel. If the & 
wind direction remains steady (for a vessel which is stopped), with increasing speed § 
and falling barometer, the vessel is in or near the path of the storm. If it remains steady 
with decreasing speed and rising barometer, the vessel is on the storm track, behind the 3 . 
center. d 
The first action to take if one finds himself within the cyclonic circulation, is to 5 
determine the position of his vessel with respect to the storm center. While the vessel } 
can still make considerable way through the water, a course should be selected to take ] 
it as far as possible from the center. If the vessel can move faster than the storm, it is 
a relatively simple matter to outrun the storm if sea room permits. But when the storm 
is faster, the solution is not as simple. In this case, the vessel, if ahead of the storm, will 
approach nearer to the the center. The problem is to select a course that will produce the 
greatest possible minimum distance. This is best determined by means of a relative 
movement plot, as shown in the following example solved on a maneuvering board. 

Example—A tropical cyclone is estimated to be moving in direction 320° at 19 
knots. Its center bears 170°, at an estimated distance of 200 miles from a vessel which 
has a maximum speed of 12 knots. 

Required—(1) The course to steer at 12 knots to produce the greatest possible 
minimum distance between the vessel and the storm center. 

(2) The distance of the storm center at nearest approach. 

(3) Elapsed time until nearest approach. 

Solution (fig. 3911).—Consider the vessel remaining at the center of the plot 
throughout the solution, as on a radar PPI. 

(1) Plot point C at 9 distance of 200 miles (scale 20:J) in direction 170° from the 
center of the diagram, to locate the position of the storm center relative to the vessel. 
From the center of the diagram, draw RA, the speed vector of the storm center, in 
direction 320°, speed 19 knots (scale 2:1). From A draw a line tangent to the 12-knot 
speed circle (labeled 6 at scale 2:1) on the side opposite the storm center. From the center 
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Ficure 3911.—Solution to determine course for avoiding storm center. 


of the diagram draw a perpendicular to this tangent line, locating point B. The line 
RB is the required speed vector for the vessel. Its direction, 011°, is the required course. 
(2) The path of the storm center relative to the vessel, will be along a line from C in 
the direction BA, if both storm and vessel maintain course and speed. The point of 
nearest approach will be at D, the foot of a perpendicular from the center of the diagram. 
~ late This distance, at scale 20:1, is 187 miles. 
(3) The length of the vector BA (14.8 knots) is the speed of the storm with respect 
to the vessel. Mark this on the lowest scale of the nomogram at the bottom of the 
diagram. The relative distance CD is 72 miles, by measurement. Mark this (scale 10:1) 
i on the middle scale at the bottom of the diagram. Draw a line between the two points 
en Se “and extend it to intersect the top scale at 29.2 (292 at 10:1 scale). The elapsed time is 
therefore 292 minutes, or 4 hours 52 minutes, or 5 hours, approximately. 
Answers.—(1) C 011°, (2) D 187 mi., (3) t 55 (approximately). 
The storm center will be dead astern at its nearest approach. 
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TROPICAL CYCLONES 


As a very general rule, for a vessel in the Northern Hemisphere, safety lies in placing | 
the wind on the starboard bow in the dangerous semicircle and on the starboard quarter | ! 
in the navigable semicircle. If on the storm track ahead of the storm, the wind should 
be put about 2 points on the starboard quarter until the vessel is well within the 
navigable semicircle, and the rule for that semicircle then followed. A study of figure 
3910a should indicate why these headings are desirable. In the Southern Hemisphere 
the same rules hold, but with respect to the port side. With a faster than average vessel, 
the wind can be brought a little farther aft in each case. However, as the speed of the 
storm increases along its track, the wind should be brought farther forward. If land 
interferes with what would otherwise be the best maneuver, the solution should be 
altered to fit the circumstances. If the speed of a vessel is greater than that of the 
storm, it is possible for the vessel, if behind the storm, to overtake it. In this case, the 
only action usually needed is to slow enough to let the storm pull ahead. 

In all cases, one should be alert to changes in the direction of movement of the . 
storm center, particularly in the area where the track normally curves toward the pole. ; 
If the storm maintains its direction and speed, the ship’s course should be maintained | 
as the wind shifts. b 

If it becomes necessary for a vessel to heave to, the characteristics of the vessel ; 
should be considered. A power vessel is concerned primarily with damage by direct 
action of the sea. A good general rule is to heave to with head to the sea in the dangerous 
semicircle or stern to the sea in the navigable semicircle. This will result in greatest 
amount of headway away from the storm center, and least amount of leeway toward it. 
If a vessel handles better with the sea astern or on the quarter, it may be placed in 
this position in the navigable semicircle or in the rear half of the dangerous semicircle, 
but never in the forward half of the dangerous semicircle. It has been reported that 
when the wind reaches hurricane speed and the seas become confused, some ships ride 
out the storm best if the engines are stopped, and the vessel is permitted to seek its 
own position. In this way, it is said, the ship rides with the storm instead of fighting 
against it. 

In a sailing vessel, while attempting to avoid a storm center, one should steer 
courses as near as possible to those prescribed above for power vessels. However, if 
it becomes necessary for such a vessel to heave to, the wind is of greater concern than 
the sea. A good general rule always is to heave to on whichever tack permits the shifting : 
wind to draw aft. In the Northern Hemisphere this is the starboard tack in the dangerous . 
semicircle and the port tack in the navigable semicircle. In the Southern Hemisphere 
these are reversed. 

While each storm requires its own analysis, and frequent or continual resurvey of 
the situation, the, .eral rules for a steamer may be summarized as follows: 
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NORTHERN HEMISPHERE 


Right or dangerous semicircle-—Bring the wind on the starboard bow (045° rela- ; 
tive), hold course and make as much way as possible. If obliged to heave to, do so with i 
head to the sea. i 

Left or navigable semicircle-—Bring the wind on the starboard quarter (135° rela- 
tive), hold course and make as much way as possible. If obliged to heave to, do so } 
with stern to the sea. 

On storm track, ahead of center.—Bring the wind 2 points on the starboard ' 
quarter (about 160° relative), hold course and make as much way as possible. When 
well within the navigable semicircle, maneuver as indicated above. 

On storm track, behind center.—Avoid the center by the best practicable course, 
keeping in mind the tendency of tropical cyclones to curve northward and eastward. 
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SOUTHERN HEMISPHERE 


Left or dangerous semicircle.—Bring the wind on the pc rt bow (315° relative), hold 
course and make as much way as possible. If obliged to heave to, do so with head 
to the sea. 

Right or navigable semicircle——Bring the wind on the port quarter (225° relative), 
hold course and make as much way as possible. If obliged to heave to, do so with 
stern to the sea. 

On storm track, ahead of center.—Bring the wind 2 points on the port quarter 
(about 200° relative), hold course and make as much way as possible. When well within 
the navigable semicircle, maneuver as indicated above. 

On storm track, behind center.—Avoid the center by the best practicable course, 
keeping in mind the tendency of tropical cyclones to curve southward and eastward. 

Whenever a tropical cyclone is encountered, the wise procedure is to begin pre- 
paring the vessel for heavy weather in sufficient time to permit thorough preparation, 
so that damage may be minimized. One should be particularly careful to keep free 


surfaces of liquids to a minimum. 


oo 


It is possible, particularly in temperate latitudes after the storm has recurved, that 
the dangerous semicircle is the left one in the Northern Hemisphere (right one in the 
Southern Hemisphere). This can occur if a large high lies north of the storm and causes 
a tightening of the pressure gradient in the region. 

Typhoon Havens Handbook for the Western Pacific and Indian Oceans is publisited 


: by the Naval Environmental Prediction Research Facility, Monterey, California, as 
- an aid to commanders and commanding officers of ships in evaluating a typhoon situa- 


tion and to assist them in deciding whether to sortie, to evade, or to remain in port to 
take shelter within a specific harbor. 
3912. Effects.—The high winds of a tropical cyclone inflict widespread damage 


' when such a storm leaves the ocean and crosses land. Aids to navigation may be blown 


out of position or destroyed. Craft in harbors, unless they are properly secured, drag 
anchor or are blown against obstructions. Ashore, trees are blown over, houses are 
damaged, power lines are blown down, etc. The greatest dainage usually occurs in the 
dangerous semicircle a short distance from the center, where the strongest winds cecur. 
As the storm continues on across land, its fury subsides faster than it would if it had 
remained over water. 

Winc instruments are usually incapable of measuring the 175- to 200-knot winds of 
the mere intense hurricanes; if the instrument holds up, often the supporting structure 
gives way. 

Wind gusts which are usually 30 to 56 percent higher than sustained winds, add 
significant'y to the destructiveness of the tropical cyclone. Many tropical cyclones that 
reach hurricane intensity develop winds of more than 90 knots sometime during their 
lives, but few develop winds of more than 130 knots. 

Tropical cyclones have pr duced some of the world’s heaviest rainfalls. While 
average amounts range from 6 to 10 inches, totals near 100 inches over a 4-day period 
have been observed. A 24-hcur world’s record of 73.62 inches fell at. Reunion Island 
during a tropical cyclone in 1452. Forward movement of the storm and land topography 
have a considerable influence on rainfall totals. Torrentie! rains can occur when a 
storm moves against a mountain range; this is common in the Philippines and Japan, 
where even weak tropical depressions produce considerable rainfall. A 24-hour total of 
46 inches was recorded in the Philippines during a typhoon in 1911. As hurricane Camille 
crossed southern Virginia’s Blue R‘1ge Mountains in August of 196¢, there was nearly 






























































































































































































































































































































910 TROPICAL CYCLONES 


30 inches of rain in about 8 hours. This caused some of the most disastrous floods in = 


the state’s history. 


Floocing is an extremely destructive by-product of the tropical cyclone’s torrential § 


rains. Whevher an area will be flooded depends on the physical characteristics of the 
drainage basin, rate and accumulation of precipitation, and river stages at the time the 
rains begin. When heavy rains fall over flat terrain, the countryside may lie underwater 
for a month or so, and while buildings, furnishings, and underground powerlines may be 
damaged, there are usually few fatalities. In mountainous or hill country, disastrous 
flood’s develop rapidly and can cause a great loss of life. 

There have been occasional reports in tropicai cyclones of waves greater than 40 
feet in height, and numerous reports in the 30- to 40- foot category. However, in tropical 
cyclones, strong winds rarely persist for a sufiiciently long time or over a large enough 
area to permit enormous wave heights to develop. The direction and speed of the wind 
changes more rapidly in tropical cyclones than in extratropical storms. Thus, the maxi- 
mum duration and fetch length for any wind condition is often less in tropical cyclones 
than in extratropical storms of similar intensity, and the waves accompanying any given 
local wind conditions are generally not so high as those expected, with similar local 
wind conditions, in the high-latitude-type storms. In hurricane Camille, significant 
waves of 43 feet were recorded; an extreme wave height reached 72 feet. 

i‘xcepiional conditions may arise when waves of certain dimensions travel within 
the storm at a speed equai to the storm’s speed, thus, in effect, extending the duration 


and fetch of the wave and significantly increasing its height. This occurs most often 2 
to the right of the track in the Northern Hemisphere (left of the track in the Southern @ 
Hemisphere). another condition that may give rise to exceptional wave heights is the 2 
intersection of waves from two or more distinct directions. This may lead to a zone of 
corfused seas in which the heights of some waves will equal the sum in each individual 3 
wave train. This process can occur in any quadrant of the storm and so it should not be & 
assumed that the highest waves will always be encountered to the right of the storm 3 


track in the Northern Hemisphere (left of the track in the Southern Hemisphere). 


When these waves move beyond the influence of the generating winds, they become § 


swell. They are recognized by their smooth, undulating form, in contrast to the steep, 
ragged crests of the winds’ waves. This swell, particularly that generated by the right 
side of the storm, can travel a thousand miles or more and may produce tides 3 or 4 feet 
above normal along several hundred miles of coastline. 

When a tropical cyclone moves close to a coast, wind often causes a rapid rise in 
water level, and along with the falling pressure may produce a storm surge. This surge 


is usually confired to the right of the track in the Northern Hemisphere (left of the | 


track in the Sou.hern Hemisphere) and to a relatively small section of the coastline. 
It most often occurs with the approach of the storm, but in some cases, where a surge 
moves into a long channel, the effect may be delayed. Occasionally, the greatest rise in 
water is observed on the opposite side of the track, when northerly winds funnel into 
a partially landlocked harbor. The surge could be 3 feet or less, or it could be 20 feet 
or more, depending on the combination of all the factors involved. 

There have been reports of a “hurricane wave,” described as a “wall of water,” 
which moves rapidly toward the coastline. Authenticated cases are rare, but some of 
the world’s greatest natural disasters have occurred as a result of this wave, which 
may be just a rapidly rising and abnormally high storm surge. In Inaia, such a disaster 
occurred in 1876, between Calcutta and Chittagong, and drowned more than 100,000 
persons. 

Along the coast, particularly, greater damage may be inflicted by water than by 
the wind. There are at least four sources of water damage. First, the unusually high 
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TROPICAL CYCLONES 


seas generated by the storm winds pound against shore installations and craft in their 
way. Second, the continued blowing of the wind toward land causes the water level 
to increase perhaps 3 to 10 feet above its normal level. This storm tide, which may 
begin when the storm center is 500 miles or even farther from the shore, gradually 
‘increases until the storm passes. The highest storm tides are caused by e slow-moving 
tropical cyclone of large diameter, because both of these effects result in greater dura- 
tion of wind in the same direction. The effect is greatest in a partly enclosed body 
of water, such as the Gulf of Mexico, where the concave coastline does not readily 
permit the escape of water. It is least on small islands, which present little obstruction 
to the flow of water. Third, the furious winds which blow around the wall of the eye 
create a ridge of water called a storm wave, which strikes the coast and often inflicts 
heavy damage. The effect is similar to that of 2 seismic sea wave, caused by an earth- 
quake in the ocean floor. Both of these waves are popularly called tidal waves. Storm 
waves of 20 feet or more have occurred. About 3 or 4 feet of this is due to the decrease 
of atmospheric pressure, and the rest to winds. Like the damiage caused by wind, that 
due to high seas, the storm surge and tide, and the storm wave is greatest in the danger- 
ous semicircle, near the center. The fourth source of water damage is the heavy rain 
that accompanies a tropical cyclone. This causes floods that add to the damage caused 
in other ways. 

There have been many instances of tornadoes occurring within the circulation of 
tropical cyclones. Most of these have been associated with tropical cyclones of the 
North Atlantic Ocean and have occurred in the West Indies and along the gulf and 

: Atlantic coasts of the United States. They are usually observed in the forward semi- 


, circle or along the advancing periphery of the storm. These tornadoes are usually short- 
lived and less incense than those that occur in the midwestern United States. 


When proceeding along a shore recently visited by a tropica! cyclone, a navigator 
should remember that time is required to restore aids to navigation which ..ave been 
blown out of position or destroyed. In some instances the aid may remain but its 
light, sound apparatus, or radiobeacon may be inoperative. Landmarks may have 
been damaged or destroyed. 
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CHAPTER XL 
RADIO WAVES 


4001. Source of radio weves.—All matter is made up of tiny particles called atoms, 
Each atom has a central nucleus composed principally of subatomic particles called 
protons and neutrons. One or more electrons revolve around the nucleus in orbits re- 
sembling those of planets around the sun (art. 1407). The number and arrangement 
of the particles constituting an atom of each element of matter determine the properties 
of that element. Electrons, each having a mass of only about 1/1,840 that of a proton 
or neutron, are kept in their orbits principally by means of an attractive electrical force, 
each electron carrying one negative ‘charge’ and each proton one positive “charge.” 
Like charges repel and unlike charges attract. This electrical attraction is additional 
to the gravitational attraction existing between all particles in the universe. The 
neutron is electrically neutral. : 

Under suitable conditions, some electrons become detached from their atoms. 
An excess or deficiency of electrons in a nonconductor is called static electricity. A 
substance which provides a pats for electron movement with relatively little resistance 
is called a conductor. A flow of electrons along such a conductor constitutes on electric 
current, although the cu.rent direction is conventionally considered to be opposite 
to the direction of flow of the electrons. A direct current flows continuously in the 
same direction. If the strength of the current varies rhythmically but does not change 
direction, the current is said to be pulsating. If the direction of flow periodically 
reverses, an alternating current results. 

In addition to its electrical and gravitational forces, a moving electron is accom- 
panied hy a magnetic force. As long as the flow is steady, the magnetic force is con- 
stant. If a conductor is in the region of influence or field of magnetism, there is no 
noticeable effect unless the strength of the field is changing, or relative motion exists 
between the conductor and the field, when an induced current flows in the conductor. 
The extent to which a substance has electrons free to move under suitable influence 
determines its value as a conductor. One which offers great resistance to such flow is 
called an insulator. 

In a suitable electrical system, an electric charge creates a magnetic field which 
builds up to a maximum. If the electric current ‘s then discontinued, the magnetic 
field collapses. This -« ze in the strength of the magnetic field induces an electric 
current in the conduc..-, but in the opposite direction to the original current. This 
current creates a new magnetic field, and the cycle repeats. Thus, an alternating 
current is produced, the strength increasing to a maximum in one direction, decreasing 
_ to zero, increasing t. a maximum in the opposite direction, and again decreasing to zero 
to start a new cycle. This cycle is~ ated many times each second, the number de- 
pending upon the characteristics - . + system. Such a system is called an oscillating 
circuit. 

A relatively small amount of energy is dissipated as heat in overcoming the resist- 
ance of the circuit. The --mainder continues to osci'late between electric and magnetic 
fields. The build-up and collapse of each field occurs at about the speed of light, which 
is approximately 186,000 statute miles (300,000,600 meters) per second. If a relatively 
long period of time is available for the cycle to occur, the energy is fully transferrec 
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before the next step occurs. However, if the cycle is speeded until the time needed 
for each field to build up or ccllapse is more than about one-half cycle, some of the | 
energy becomes detached and is radiated into space, through which it travels at about | 
the speed of tight. This electromagnetic radiation, having both electrical and magneto | | 
properties, is known as radio waves, if of a frequency suitable for radio communication. | 

4002. Radio wave terminology.—The Luild-up and collapse of the electric aude i 
magnetic fields are proportional to the sine of the fortion of the cycle completed, 
as shown is figure 4002. This representation has led to the use of the term “wave” 
when referring to electromagnetic propagation. The highest point on the curve (in 
the direction considered positive) is the crest, the and lowest point the trough. Either 
point may be called the peak, considered positive or negative if a distinction is desired. 
The displacement of a p2ak from zero is called the amplitude. The forward side of . 
any wave is called the wave front. For a nondirectional antenna each wave proceeds 
outward as an expanding sphere (or hemisphere). 

One cycle is a complete sequence of values, as from crest to crest. The distance 
traveled by the energy during one cycle is the wavelength, usually expressed in metric 
units (meters, centimeters, etc.). The number of cycles repeated during unit time 
(usually one second) is the frequency. This is given in hertz (cycles per second). A 
kilokertz (kHz) is 1,000 cycles per second. A megahertz (MHz) is 1,000,000 cycles per 
second. Wavelength and frequency are inversely proportional. The approximate value 
of either may be found by dividing 300,000,000 by the other quantity, if wavelength is 
axpressed in meters and frequency in hertz. Thus, if the frequency is 1,500 kilohertz 
(1,500,000 cycles per second), the wavelength is 


300,000,000 
1,5€0,000 





EASY mmc 


=200 meters. 





If the wavelength is 10 centimeters (0.1 meter), the frequency is about 


300,000,000 
~~ Ot 





—=3,000,000,000 





cycles per second or 3 gigahertz. A more precise value for the speed of propagation | 
in air is 299,708,000 meters per second. This is SqUYRIERS to 186,230 statute miles, 
or 161,829 nautical miles, per second. The exact valve varies slightly with density of | 
the medium through which the wave travels, and frequency. The speed in a vacuum | 
is a little more than that in ais. 





e ; 1 CYCLE | 
WAVE LENGTH 
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AMPLITUDE 
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The phase of a wave is the amount by which the cycle has progressed from a 
specified origin. For most purposes it is stated in circular measure, a complete cycle 
being considered 360°. Generally, the origin is not important, principal intorest being 
the phase relative to that of some other wave. Thus, two waves having crests one-fourth 
cycle apart are said to be 90° “ ut of phase.” If the crest of one wave occurs at the 
trough of another, the two are 180° out of phase. 

4003, Electromagnetic spectrum.—The entire range of electromagnetic radiation 
frequencies is called the electromagnetic spectrum. The range of frequencies suitable 
for radio transmission, called the radio spectrum, extends from .J kilohertz to 300,000 
megahertz, approximately. For convenience, it is divided into a number of bands, as 
shown in table 4003. Below the radio spectrum, but overlapping it, is the audio fre- 
quet: :y band. extending from 20 to 20,000 hertz, approximately. This is the range of 
freyuencies that can be heard by the human ear. Above the radio spectrum are heat 
and infrared, the visible spectrum (light in its various colors), ultraviolet, X-rays, 
gamma rays, and cosmic rays. These are included in table 4003. Waves shorter than 30 
centimeters are usually called microwaves. 




















| Band Abbrevi- Range of frequency | Range of wavelength 
ation 
Audio frequency AF 20 to 20,000 Hz 18,000,000 to 15,000 m 
Radio frequency RF 10 kHz to 300,000 MHz 30,000 m to 0.1 em 
Very low frequency VLF 10 to 30 kHz 30,000 to 10,000 m 
Lew frequency | LF 30 to 300 kHz 10,000 to 1,000 m 
Medium frequency MF 300 to 3,000 kHz 1,000 to 190 m 
High frequency HF 3 to 3 MHz 100 to 10 m 
Very high frequency | VHF 30 to 300 MHz 10to1m 
ae ao fre- UHF 300 to 3,000 MHz 100 to 10 cm 
Super "high fre- SHF | 3,000 to 30,000 MHz 10 to lem 
quency 
Extremay high EHF 30,000 to 300,000 MHz 1 to 91cm 
frequency 
Heat and in7rared* 10° to 3.9X10* MHz 0. 03 to 7.61075 cm 
Visible spectrum* 3.9X108 to 7.9X108 AfHz | 7.6X10-5 to 3.8X1075 cm 
Ultraviolet* 7.9X10* to 2.310! MHz | 3.8¢%10-5 to 1.3% 10-8 cm 
X-rays* 2.0X 10° to 3.0K 108 MHz { 1. 5x10" 5 to 1.0 10~? cm 
| Gamma rays* 2.3X10" to 3.0X10" MHz | 1.3X10-8 to 1.0X 10-2 em 
| Cosmie rays* > 4.8X 10 MHz < 6.2107" cm 








*Values approximate. 
Table 4003.—Electromagnetic spectrum. 


4004. Polarization.—As indicated in article 4001, radio waves have both electric 
and magnetic fields. The two fields are conceived as having direction associated with 
the orientation of the vibrations. The direction of the electric component of the field 
is called the polarization of the electromagnetic field. Thus, if the electric component is 
vertical, the wave is said to be “vertically polarized,” and if horizontal, “horizontally 
polarized.” A wave traveling through space may be polarized in any direction. One 
traveling along the surface of the earth is always vertically polarized because the earth, 
a conductor, short-circuits any horizontal compo::ent. The magnetic field and the 
fF - , electric field are always mutually perpendicular. 

3 4005. Reflection.—When radiv waves strike a surface, they are reflected in the 
same manner as light waves, if conditions are favorable. Radio waves of all frequencies 
are reflected by the surface of the earth. The strength of the reflected wave depends 
upon grazing angle (the angle between the incident ray and the horizental), type of po- 

h. ; larization, frequency, reflecting properties of the surface, and divergence of the reflected 
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ray. Lower frequency results in greater penetration. At very low frequencies usable = 
radio signals can be received some distance below the surface of the sea. : 

A change of phase takes place when a wave is reflected from the surface of the 
earth. The amount of the change varies with the conductivity of the earth and the 
polarization of the wave, reaching a maximum of 180° for a horizontally polarized 
wave reflected from seawater (considered to have infinite conductivity). When direct 
waves (those traveling from transmitter to receiver in a relatively straight line, with- 
out reflection) and reflected waves arrive at a receiver, the total signal is the vector 
sum of the two. If the signals are in phase, they reinforce each other, producing a 
stronger signal. If there is a phase difference, the signals tend to cancel each other, 
the cancellation being complete if the phase difference is 180° and the two signals 
have the same amplitude. This interaction of waves is called wave interference. A 
phase difference may occur because of the change of phase of a reflected wave, or 
because of the longer path followed by it. The second effect decreases with greater 
distance between transmitter and receiver, for under these conditions the difference | 
in path lengths is smaller. At lower frequencies there is no practical solution to inter- 
ference caused in this way. For VHF and higher frequencies the condition can be im- 
p_ ved by elevating the antenna, if the wave is vertically polarized. Also, interference 
v2 oxigher frequencies can be more nearly eliminated because of the greater ease of 
vcaming the signal to avoid reflection. 

Reflections may also occur from mountains, trees, and other obstacles. Such > 
reflection is negligible for lower frequencies, but becomes more prevalent as frequency | 
increases. In radic communication it can be reduced by using directional antennas, 
but this solution is not always available for navigational systems. 

Various reflecting surfaces occur in the atmosphere. At high frequencies, reflections 
take place from rain. At still higher frequencies, reflections are possible from clouds, 
particularly rain clouds. Reflections may even occur at a sharply defin.d boundary 
surface between airmasses, as when warm, moist air flows over cold, dry air. When 
such a surface is roughly parallel to the surface of the earth, radio waves may travel 
for greater distances than normal. A somewhat similar condition is described in 
article 4006. The principal source of reflection in the atmosphere is the ionosphere 
(arts. 4007, 4008). 

4006. Refraction of radio waves is similar to that of light waves (art. 1606). Thus, 
as a signal passes from air of one density to that of a different density, the direction of 
travel is altered. The principal cause of refraction in the atmosphere is the difference in 
temperature and pressure occurring at various heights and in different airmasses. 

Refraction occurs at all frequencies, but at those below 30 MHz the effect is small 
as compared with ionospheric effects (art. 4008), diffraction (art. 4009), and absorption 
(art. 4010). At higher frequencies, refraction in the lower layer of the atmosr:.sre 
extends the radio horizon to a distance about 15 percent greeter than the visible 
horizon. The effect is the same as if the radius of the earth were about one-third 
greater than it is, and there were no refraction. 

Sometimes the lower portion of the atmosphere becomes stratified with horizontal 
layers of air having certain characteristics, resulting in nonstandard temnerature and 
moisture changes with height. If there is a marked temperature inversien (art. 3814) 
or a sharp decrease in water vapor content with increased height, a horizontal radio 
duct may be formed. High frequency radio waves traveling horizontally within the 
duct are refracted to such an extent that they remain within the duct, following the 
curvature of the earth for phenomenal distances. This is called super-refraction. 
Maximum results are obtained when both transmitting and receiving antennas are 
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within the duct. There is a lower limit to the frequency affected by ducts. It varies 
from about 200 MHz to more than 1,000 MHz. 

At night, surface ducts may occur over land due to cooling of the surface. At sea, 
surface ducts about 50 feet thick may occur at any time in the trade wind belt. Surface 
ducts 100 feet or more in thickness may extend from land out to sea when warm air from 
the land flows over the cooler ocean surface. Elevated ducts from a few feet to more 
than 1,000 feet in thickness may occur at elevations of 1,000 to 5,000 feet, due to the 
settling of a large sirmass. This is a frequent occurrence in Southern California and 
certain areas of the Pacific Ocean. 

Refraction effects associated with the ionosphere are discussed in article 4008. 

A bending in the horizontal plane occurs when a groundwave (art. 4008) crosses a 
coast at an oblique angle. This is due to a marked difference in the conducting and 
reflecting properties of the land and water over which the wave travels. The effect is 
known as coastal refraction or land effect. 

4007. The ionosphere.—Since an atom normally has an equal number of negatively 
charged electrons and positively charged protons, it is electrically neutral. An ion 
is an atom or group or atoms which has become electrically charged, either positively 
or negatively, by the loss or gain of one or more electrons. 

Loss of electrons may occur in a variety of ways. In the atmosphere, ions are 
usually formed by collision of atoms with rapidly moving particles, or by the action of 
cosmic rays or ultraviolet light. In the lower portion of the atmosphere, recombination 
soon occurs, leaving a small percentage of ions. In thin atmosphere far above the surface 
of the earth, however, atoms are widely separated and a large number of ions may be 
present. The region of numerous positive and negative ions and unattached electrons 
is called the ionosphere. The extent of ionization depends apun the Kinds of atoms 
present in the atmosphere, the density of the atmosphere, and the position relative to 
ihe sun (time of day and season). After sunset, ions and electrons recombine faster 
than they are separated, decreasing the ionization of the atmosphere. 

An electron can be separated from its atom only by the application of greater 
energy than that holding the electron. Since the energy of the electron depends pri- 
marily upon the kind of an atom of which it is a part, and its position relative to the 
nucleus of that atom, different kinds of radiation may causa ionizatiun of different 
substances. 

In the outermost regions of the atmosphere the density is so low that oxygen 
exists largely us separate atoms, rather than combining as molecules as it does nearer 
the surface of the earth. At great heights the energy level is low and ionization from 


solar radiation is intense. This is known as the F layer. Above this level the ionization 


decreases because of the lack of atoms to be ionized. Below this level it decreases 
because the ionizing agent of appropriate energy has already been absorbed. During 
daylight, two levels of maximum F ionization can be detected, the F; layer at about 
125 statute miles above the surface of the earth, and the F, layer at about 90 statute 
miles. At night, these combine to form a single F jayer. 

At a height of about 60 statute miles the solar radiation not absorbed by the F 
layer encounters, for the first time, large numbers of oxygen molecules. A new maximum 
ionization occurs, known as the E layer. The height of this layer is quite constant, in 
contrast with the fluctuating F layer. At night the E layer becomes weaker by two orders 
of magnitude. 

Below the E layer a weak D layer forms at a height of about 45 statute miles, where 
the incoming radiation encounters ozone (O,) for the first time. The D layer is the 
principal source of absorption of HF waves, and of reflection of LF and VLF waves 
during daylight. 
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4008. The ionosphere and radio waves.—When a radio wave encounters a particle 
having an electric charge, it causes that particle to vibrate. The vibrating particle 
absorbs electromagnetic energy from the radio wave and reradiates it. The net effect 
is a change of polarization and an alteration of the path of the wave. That portion of | 
the wave in a more highly ionized region travels faster, causing the wave front to tilt | 
and the wave to be directed toward a region of less intense ionization. 

Refer to figure 4008a, in which a iets layer of the ionosphere is considered. Ray 
1 enters the ionosphere at such an angh that its path is altered, but it passes on through 
and proceeds outward into space. As the angle with the horizontal decreases, a critical 
value is reached where the ray (2) is bent or reflected back toward the earth. As the 
angle is still further decreased, as at 3, the return to earth occurs at a greater distance 
from the transmitter. 

A wave reaching a receiver by way of the ionosphere is called a skywave. This 
expression is also appropriately applied to a wave reflected from an airmass boundary. 
In common usage, however, it is generaily associated with the ionosphere. The wave 
which travels along the surface of the earth is called a groundwave. At angles greater ; 
than the critical angle, no skywave signal is received. Therefore, there is a minimum } 
distance from the transmitter at which skywaves can be received. This is called the | 
skip distance, shown in figure 4008a. If the groundwave extends out for less distance 
than the skip distance, a skip zone occurs, in which no signal is received. 

The critical radiation angle depends upon the intensity of ionization, and the fre- 
quency of the radio wave. As the frequency increases, the angle becomes smaller. At 
frequencies greater than about 30 MHz virtually all of the energy penetrates through 
or is absorbed by the ionosphere. Therefore, at any given receiver there is a maximum 
usable frequency if skywaves are to be utilized. The strongest signals are received 
at or slightly below this frequency. There is also a lower practical frequency beyond 
which signals are too weak to be of value. Within this band the optimum frequency 
can be selected to give best results. It cannot be too near the maximum usable frequency 
because this frequency fluctuates with changes of iniensity within the ionosphere. 
During magnetic storms the ionosphere density decreases. The maximum usable 
frequency decreases, and the Jower usable frequency increases. The band of usable 
frequencies is thus narrowed. Under extreme conditions it nay be comapietely elimi- 
nated, isolating the receiver and causing « radio blackout. 

Skywave signals reaching a given receiver may arrive by any of several paths, . 
as shown in figure 4008b. A signal which undergoes a single reflection is called a ‘‘one- 
hop” signal, one which undergoes two reflections with a ground reflection between 
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Figure 4008a.—The effect of the ionosphere on radio waves. ‘* ~~ 
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is celled a “two-hop” signal, etc. A “multihop” signal undergoes several reflections. 
The layer at which the reflection occurs is usually indicated, also, as “one hop E,” 
“two hop F,” ete. 

Because of the different paths and phase changes occurring at each reflection, the 
various signals arriving at a receiver have different phase relationships. Since the 
density of the ionosphere is continually fluctuating, the strength and phase relation- 
ships of the varios signals may undergo an almost continuous change. Thus, the 
various signals may reinforce each other at one moment and cancel each other at the 
next, resulting in fluctuations of the strength of the total signal received. This is called 
fading. This phenomenon may also be caused by interaction of components within a 
single reflected wave, or changes in its strength due to changes in the reflecting surface. 
Tonospheric changes are ussociated with fluctuations in the radiation received from the 
sun, since this is the principal cause of ionization. Signals from the F layer are partic- 
ularly erratic because of the rapidly fluctuatiny conditions within the layer itself. 

The maximum distance at which a one-hop-E signal can be received is about 
1,400 miles. At this distance the signal leaves the transmitter in approximately a 
horizontal direction. A one-hop-F signal can be received out to about 2,500 miles. 
At low frequencies groundwaves extend out for great distances. 

A skywave may undergo a change of polarization during reflection from the 
ionosphere, accompanied by an alteration in the direction of travel of the wave. 
This is called polarization error. Near sunrise and sunset, when rapid changes are 
occurring in the ionosphere, reception may become erratic and polarization error a 
maximum. This is called night effect. 

4009. Diffraction——When a radio wave encounters an obstacle, its energy is 
reflected or absorbed, causing a shadow beyond the obstacle. However, some energy 
does enter the shadow area becsuse of diffraction. This is explained by Huygens’ 
' principle, which states that every point on the surface of a wave front i a source of radia- 
tion, transmitting energy in all di-ections ahead of the wave. No noticeable effect of this 
principle is observed until the wave front enceunters an obstacle, which intercepts a 




































































































































































































































































































































































































































































Fieurr. 4008b.—Various paths by which a skywave signal might be received. 
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portion of the wave. From the edge of the obstacle, energy is radiated inte the shadow 
area, and also outside of the area. The latter interacts with energy from other parts | 
of the wave front, producing alternate bands in which the secondary radiation rein- | 
forces or tends to cancel the energy of the primary radiation. Thus, the practical § i 
effect of an obstacle is a greatly reduced signal strength in the shadow area, and a i 
disturbed pattern for a short distance outside the shadow area. This is illustrated i inj 
figure 4009. i 

The amount of diffraction is inversely proportional to the frequency, being greatest 
at very low frequencies. 

4010. Absorption and scattering.—The amplitude of a radio wave expanding ates 
ward through space varies inversely with distance. That is, it gets weaker with in-: 
creased distance. The decrease of strength with distance is called attenuation. Under : 
certain conditions the attenuation is greater than in free space. i 

A wave traveling along the surface of the earth loses a certain amount of energy ; 
to the earth. The wave is diffracted downward and absorbed by the earti. As a result | 
of this absorption, the remainder of the wave front tilts downward, resulting in further | 
absorption by the earth. Attenuation is greater over a surface that is a poor conductor. | 
Relatively little absorption occurs over seawater, which is an excellent conductor at | 
low frequencies, and low frequency groundwaves travel great distances over water. 

A skywave suffers an attenuation loss in its encounter with the ionosphere. The 
amount depends upon the height and composition of the ionosphere, as well as the 
frequency of the radio wave. Maximum ionospheric absorption occurs at about 1,400 
kHz. 
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Figure 4009.—Diffraction. 
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In general, atmospheric absorption increases with frequency, being a problem only 
- at SHF and EHF. At these frequencies, attenuation is further increased by scattering 
due to reflection by oxygen, water vapor, water droplets, and rain in the atmosphere. 

4011. Noise-—Unwanted signals in a receiver are called interference. The inten- 
tional production of such interference to obstruct communication is called jamming. 
Unintentional interference is called noise. 

Noise may originate within the receiver. Hum is usually the result of induction 
from neighboring circuits carrying alternating current. Microphonic noise is the result 
of vibration of elements in an electron tube. Irregular crackling or sizzling sounds 
may be caused by peor contacts or faulty components within the receiver. Electron 
movement in normal components causes some noise. This source sets the ultimate 
limit of sensitivity (art. 4018) that can be achieved in a receiver. It is the same at any 
frequency. 

Noise originating outside the receiver may be either man-made or natural. Man- 
made noises originate in electrical appliances, motor and generator brushes, ignition 
systems, and other sources of sparks which transmit electromagnetic signals that are 
picked up by the receiving antenna. 

Natural noise is caused principally by discharge of static electricity in the atmos- 
phere. This is called atmospheric noise, atmospherics, or static. An extreme example 
is a thunderstorm. An exposed surface may acquire a considerable charge of static 
electricity. This may be caused by friction of water or solid particles blown against 
or along such a surface. It may also be caused by splitting of a water droplet which 

" strikes the surface, one part of the droplet requiring a positive charge and the other 
a negative charge. These charges may be transferred to the surface. The charge tends to 
gather at points and ridges of the conducting surface, and when it accumulates to a 

- sufficient extent to overcome the insulating properties of the atinosphere, it discharges 
into the atmosphere. Under suitable conditions this becomes visible and is known as 
St. Elmo’s fire, which is sometimes seen at mastheads, the ends of yardarms, etc. 

: Atmospheric noise occurs to some extent at all frequencies, but decreases with 
higher frequencies. Above about 30 MHz it is not generally a problem. 

Since most of the noise occurs at Jow frequencies, it travels great distances and the 
accumulation may reach troublesome proportions at these frequencies, particularly 
during the summer in mountainous regions. 

4012. Antenna characteristics.—Antenna design and orientation have a marked 
effect upon radio wave propagation. For a single-wire antenna, strongest signals are 
transmitted along the perpendicular to the wire, and virtually no signal in the direction 
of the wire. For a vertical antenna, the signal strength is the same in all horizontal 
directions. Unless the polarization undergoes a change during transit, the strongest 
signal received from a vertical transmitting antenna occurs when the receiving antenna is 
also vertical. 

For lower frequencies the radiation of a radio signal takes place by interaction 
between the antenna and the ground. For a vertical antenna, efficiency increases with 

: greater length of the antenna. For a horizontal antenna, efficiency increases with 
greater distance between antenna and ground. Near-maximum efficiency is attained 
when this distance is one-half wavelength. This is the reason for elevating low fre- 
quency antennas to great heights. However, at the lowest frequencies, the required 
height becomes prohibitively great. At 10 kHz it would be about 8 nautical miles 
for a half-wavelength antenna. Therefore, lower frequency antennas are inherently 
inefficient. This is partly offset by the greater range of a low frequency signal of the 
same transmitted power as one of higher frequency. 
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At higher frequencies, the ground is not used, both conducting portions being : 
included in a dipole antenna. Not only can such an antenna be made efficient, but it! 
can also be made sharply directive, thus greatly increasing the strength of the signal ! 
transmitted in a desired direction. 

The power received is inversely proportional to the square of the distance from 
the transmitter, assuming there is no attenuation due to absorption or scattering. 

4013. Range.—The range at which a usable signal is received depends upon the 
power transmitted, the sensitivity of the receiver, frequency, route of travel, noise level, 
and perhaps other factors. For the same transmitted power, both the groundwave and 
skywave ranges are greatest at the lowest frequencies, but this is somewhat offset by 
the lesser efficiency of antennas for these frequencies. At higher frequencies, only direct 
waves are useful, and the effective range is greatly reduced. Attenuation, skip distance, 
ground reflection, wave interference, condition of the ionosphere, atmospheric noise ‘ 
level, and antenna design all affect the distance at which useful signals can be received. : 

4014, Frequency and radio wave propagation—,requency is an important con- | 
sideration in radio wave propagation, as indicated previously. The following summary | i 
indicates the principal effects associated with the various frequency bands, starting | 
with the lowest and progressing to the highest usable radio frequency. 

Very low frequency (VLF, 10 to 30 kHz). The VLF signals propagate between 
the bounds of the ionosphere and the earth and are thus guided around the curvature 3 
of the earth to great distances with low attenuation and excellent stability. Diffraction 
is maximum. Because of the long wavelength, large antennas are needed, and even 
these are inefficient, permitting radiation of relatively small amounts of power. Magnetic 
storms have little effect upon transmission because of the efficiency of the “earth- 
ionosphere waveguide.” During such storms, VLF signals may constitute the only 
source of radio communication over great distances. However, interference from 
atmospheric noise may be troublesome. Signals may be received from below the surface 
of the sea. The charecteristics of VLF propagrtion are discussed in more detail in the 
coverage of the Omega Navigation System in chapter XLIII. 

Low frequency (LF, 30 to 300 kHz). As frequency is increased to the LF band, 
diffraction decreases, there is greater attenuation with distance, and range for a given 
power output falls off rapidly. However this is partly offset by more efficient trans- 
mitting antennas, which can be of a size practical for use aboard ship. LF signals are | 
most stable within groundwave distance of the transmitter. A wider bandwidth permits | 
pulsed signals at 100 kHz. This allows separation of the stable groundwave pulse from | - 
the variable skywave pulse up to 1,500 km, and up to 2,090 km for overwater paths. 
The frequency for Loran-C (ch. XLIII) is in the LF band. This band is also useful 
for radio direction finding (ch. XLI), and time dissemination (ch. XVIII). : 

Medium frequency (MF, 300 to 3,000 kHz). Groundwaves provide dependable - 
service, but the range for a given power is reduced greatly, varying from about 400 
miles at the lower portion of the band to about 15 miles at the upper end for a trans- - 
mitted signal of 1 kilowatt. These values are influenced, however, by the power of 
the transmitter, the directivity and efficiency of the antenna, and the nature of the 
terrain over which signals travel. Elevating the antenna to obtain direct waves may - 
improve the transmission, At the lower frequencies of the band, skywaves are avail-j _ 
able both day and night. As the frequency is increased, ionospheric absorption increases | 
to a maximum at abevt 1,400 kHz. At higher frequencies the absorption decreases, 
permitting increase. =: » of skywaves. Since the ionosphere changes with the hour, | 
season, and sunspot cycle, the reliability of skywave signals is variable. By careful | 
selection of frequency, one can obtain ranges of as much as 8,000 miles with 1 kilowatt ! Re 
of transmitted power, using multihop signals. However, the frequency selection is : 
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critical. If it is too high, the signals penetrate the ionosphere and are lost in space. 
If it is too low, signals are too weak. In general, skywave reception is equally good by 
day or night, but lower frequencies are needed at night. The standard broadcast band 
for commercial stations (535 to 1,605 kHz) and the authorized frequencies for Loran-A 
(art. 4101) are in the MF band. 

High frequency (HF, 3 to 30 MHz). As with higher medium frequencies, the ground- 
wave range of HF signals is limited to a few miles, but the elevation of the antenna may 
increase the direct-wave distance of transmission. Also, the height of the antenna 
does have an important effect upon skywave transmission because the antenna has an 
“image” within the conducting earth. The distance between antenna and image is 
related to the height of the antenna, and this distance is as critical as the distance be- 
tween elements of an antenna system. Maximum usable frequencies (ert. 4008) fall 
generally within the HF band. By day this may be 10 to 30 MHz, but during the night 
it may drop to 8 to 10 MHz. The HF band is widely used for ship-to-ship and ship- 
to-shore communication. 

Very high frequency (VHF, 30 to 360 MHz). Communication is limited primarily 
to the direct wave, or the direct wave plus a grovnd-reflected wave. Elevating the 
antenna to increase the distance at which direct waves can be -1sed results in increased 
distance o: reception, even though some wave interference between direct and ground- 

. reflected waves is present. Diffraction is much less than with lower frequencies, but is 
_ most evident when signals cross sharp mountain peaks or ridges. Under suitable con- 
: ditions, reflections from the ionosphere are sufficiently strong to be useful, but generally 
: they are unavailable. There is relatively little interference from atmospheric noise in this 
, band. Reasonably efficient directional antennas are possible with VHF. The VHF band 
* is much used for communication. 

Ultra high frequency (UHF, 300 to 3,000 MHz). Skywaves are not used in the UHF 

band becanse the ionosphere is not sufficiently dense to reflect the waves, which pass 
, through it into space. Groundwaves and ground-reflected waves are used, although 
* there is some wave interference. Diffraction is negligible, but the radio horizon extends 
about 15 percent beyond the visible horizon, due principally to refraction. Reception 
of UHF signals is virtually free from fading and interference by atmospheric noise. 
Sharply directive antennas can be produced for transmission in this band, which is 
widely uscd for ship-to-ship and ship-to-shore communication. 

«per high frequency (SHF, 3,000 to 30,000 MHz). In the SHF band, also known as 
the microwave or as the centimeter wave band, there are no skywaves, transmission being 
entirely by direct and ground-reflected waves. Diffraction and interference by atmos- 
pheric noise are virtually nonexistent. Highly efficient, sharply directive antennas can 
be produced. Thus; transmission in this band is similar to that of UHF, but with the 
effects of shorter waves being greater. Reflection by clouds, water droplets, dust 
particles, etc., increases, causing greater scattering, increased wave interference, and 
fading. The SHF band is used for marine navigational radar. 

Extremely high frequency (EHF, 30,000 to 300,000 MHz). The effects of shorter 
waves are more pronounced in the EHF band, transmission being free from wave 
interference, diffraction, fading, and interference by atmospheric noise. Only direct 
and ground-reflected waves are available. Scattering and absorption in the atmosphere 
are pronounced and may produce an upper limit to the frequency useful in radio 
communication. 

4015. Reculation of frequency use.—While the characteristics of various fre- 
quencies are important to the selection of the most suitable one for any given purpose, 
these are not the only considerations. Confusiun and extensive interference would result 
if every user had complete freedom of selection. Some form of regulation is needed. 
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The allocation of various frequency bands to particular uses is a matter of sabacanonal a 

agreement. Within the United States, the Federal Communications Commission has# 

responsibility for authorizing use of particular frequencies. In come cases a given’ 

frequency is allocated to several widely separated transmitters, but only under con- 

ditions which minimize interference, as during daylight hours. Interference between 

stations is further reduced by the use of channels, each of a narrow band of frequencies. 
That is, assigned frequencies are separated by an arbitrary band of frequencies that 
are not authorized for use. In the case of radio aids to navigation, ship communications, 
ete., bands of several channels are allocated, permitting selection of band and channel 
by the user. 

4016. Kinds of radio transmission.—A series of waves transmitted at constant] 
frequency and amplitude is called a continuous wave (CW). This cannot be heard 
except at the very lowest radio frequencies, when it may produce, in a receiver, an} 

, audible hum of high pitch. 

: Although a continuous wave may be used directly, as in radio direction finding} 
(art. 4101) or Decca (art. 4301), it is more commonly modified in some manner. This 
is called modulation. When this occurs, the continuous wave serves as a catrier Wave; 
fox information. Any of several types of modulation may be used. 

In amplitude modulation (AM) the amplitude of the carrier wave is altered ing ~ 
accordance with the amplitude of a modulating wave, usually of audio frequency, ase 
shown in figure 4016a. In the receiver the signal is demodulated by removing the@ 
modulating wave and converting it back to its original form. This form of modulation is = a 
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Figure 4016a. Amplitude modulation (upper figure) and frequency modulation (lower figure) by 
the same modulating wave. 
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If the frequency instead of the amplitude is altered in accordance with the amplitude 
of the impressed signal, as shown in figure 4016:., frequency modulation (FM) occurs. 
This is used for FM broadcasts and the sound portion of television broadcasts. 

Pulse modulation (PM) is somewhat different, there being no impressed modulating 
wave. In this form of transmission, very short bursts of carrier wave are transmitted, 
* separated by relatively long periods of “silence,” during which there is no transmission. 
This type of transmission, illustrated in figme 4016b, is used in some common radio 
navigational aids, includizg radar (art. 420i) and Loran (art. 4301). 


mee pe mmee 


Ficure 4016b.—Pulse modulation. 


4017. Transmitters.—A radio transmitter consists essentially of (1) a power supply 
to furnish direct current, (2) an oscillator to convert direct current into radjo-frequency 
oscillations (the carrier wave), (3) a device to control the generated signal, (4) an 
amplifier to increase the output of the oscillator. For some transmitters a microphone 
is needed with a modulator and final amplifier to modulate the carrier wave. In addi- 
tion, an antenna and ground (for lower frequencies) are needed to produce electromag- 
netic radiation. These components are illustrated diagrammatically in figure 4017. 
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Fictre 4017.—Components of a radio transmitter. 


4018. Receivers—When a radio wave passes a conductor, a current is induced 
in that conductor. A radio receiver is a device which accepts the power thus generated 
in an antenna, and transforms it into usable form. It should be able to select signals 
of a single frequency (actually a narrow band of frequencies) from among the many 
which may reach the receiving antenna. If necessary, the receiver should be able to 
demodulate the signal, and always it should provide adequate amplification. The 
output of a receiver may be presented audibly by earphones or loudspeaker; or visually 
on a dial, cathode-ray tube (art. 4019), counter, or other display. Thus, the useful 
reception of radio signals requires three components: (1) an r-tenna, (2) a receiver, 
and (3) @ display unit. 

Radio receivers differ mainly in (1) frequency range, the range of frequencies to 
which they can be tuned; (2) selectivity, the ability to confine reception to signals of 
the desired frequency and avoid others of nearly the same frequency; (3) sensitivity, 
the ability to amplify a weak signal to usable strength against a background of noise; 
(4) stability, the ability to resist drift from conditions or values to which set; and (5) 
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fidelity, the completeness with which the essential characteristics of the original signa’ 
are reproduced. Receivers may have additional features such as an automatic frequency 
control, automatic noise limiter, etc. 

Some of these characteristics are interrelated. For instance, if a receiver lacks - 
selectivity, signals of a frequency differing slightly from those to which the receiver 
is tuned may be received. This condition is called spillover, and the resulting inter- 
ference is called crosstalk. If the selectivity is increased sufficiently to prevent spillover, 
it may not permit receipt of a great enough band of frequencies to obtain the full 
range of those of the desired signal. Thus, the fidelity may be reduced. 

A transponder is a transmitter-receiver capable of accepting the challenge of an 
interrogator and automatically transmitting an appropriate reply. 

4019. The cathode-ray tube is a useful device for presenting certain types of 
information. This tube, with its associated controls, is often called an oscilloscope, 
or scope for short. In television receivers it is usually called the picture tube. 

The essential components of a cathode-ray tube are shown in figure 4019. At the : 
left is a cathode which serves as a source of electrons. In this usage it is called an | 
electron gun. The electrons are collected and focused into a beam by a focusing anode, 
and then speeded up by an accelerating anode. If there were no other controls, the 
beam of electrons would travel the remainder of the length of the tube and strike the 
enlarged, curved surface of the tube face at its center, approximately. The inside of 
the face is coated with a material known as « phosphor (such as zinc sulphide or calcium 


pinges upon it. If the beam is sharply focused, a dot of light appears at the point of 
impact. 

By means of the vertical deflection plates, the beam is bent upward or downward. 
This is accomplished by impressing electric charges on these plates. The beam, being 
negatively charged, is repelled by the negative plate and attracted by the positive 
plate. If an alternating current is used, the strength and polarity of the electric charge 
on each plate changes continually, causing the beam to be deflected alternately up 
and down. This results in vertical motion of the spot of light on the face of the tube. 
Tf the motion is sufficiently rapid, a vertica! line appears on the face of the tube. This 
is true not only because of the persistency of vision witnin the eye, but also because 
the tube face does not immediately fade when the stream of electrons is moved to } 
another point. This visible line is called a trace, and the motion of the dot in producing © 
it, e sweep. A horizontal trace can be made by means of the horizontal deflection 
plates which operate in a manner similar to that of the vertical deflection plates. 











FOSUSING ANODE 
ACCELERATING ANODE © DEFLECTION PLATES 





Freurs 4019.—A cathode-ray tube. a 
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If both sets of plates are energized at the same time, the spot of light can be moved 
to various places on the face of the tube. If two alternating currents are properly 
synchronized, the spot can bo made to trace repeatedly some pattern, such as a sine 
wave. It is generally desirable to have one trace repeated in accordance with a pre- 
arranged plan, having the deflection such that motion in one direction across the 


’ face of the tube is relatively slow, and that in the opposite direction is very fast, so 


that the return of the spot. to a starting point is almost instantaneous. Such a return 
is called flyback, and the faint trace that may be visible is called a retrace. The position 
of the spot along the trace can be used as ‘a measurement of elapsed time since the 
spot was at some reference point. This is usually accomplished by having a received 
signal impress a momentary charge on the other set of deflecting plates, causing a 
deflection of the trace as the spot is momentarily moved to one side of the line; or by 
causing the received signal to intensify the spot, causing it to glow brighter. 

By suitable controls, the trace can be divided into two or more parts, made to 


‘rotate, or take any of a great variety of motions and shapes. 


In a dark trace tube the spot appears dark on a lighter background. 
The cathode-ray tube has many applications in electronic navigational eq 1ipment. 








CHAPTER XLI 
RADIO DIRECTION FINDING 


4101. Introduction —Medium frequency radio direction finders on board ships 
enable measurement of the bearings of radio transmissions from other ships, aircraft, 
shore stations, marine radiobeacons, aeronautical radiobeacons, and. the coastal satons| 
of the radio communications network. 

Depending upon the design of the radio direction finder (RDF), the bearings of 
the radio transmissions are measured as relative bearings or as both relative and true! 
bearings. In one design, the true bearing dial is manually set with respect to the eslntiys| 
bearing dial in accordance with the ship’s heading. In another design, the true bearing 
dial is rotated electrically in accordance with a course input from the gyrocompass. 7 





In some of the earlier designs, the RDF is mounted over the ship’s compass so as to 
permit the bearings to be read directly from the compass card. 

Whatever inouis is used to read the bearings, corrections for errors of radio bearings 
(art. 4104) must be applied. In some designs two distinct means are employed for 
automatic error compensation. An electrical compensating system provides for auto- 
matic compensation of errors which are symmetrically distributed, fore-and-aft or} 
athwartship. A mechanical compensating system provides for automatic compensation 
of residual errors up to a limiting value. The mechanical compensator may consist of 
a stationary cam which is cut for each calibration (art. 4107), a movable roller, and 
associated linkage for causing the goniometer (art. 4103) pointer to lead or lag he) 
actual goniometer setting. 

When plotting radio bearings on a Mercator chart, conversion angle (art. 1403, 
vol. II) must be applied to convert the radio bearing (great-circle direction) to the 
equivalent rhumb line bearing. Conversion angles are given in table 1. 

4102. Radiobeacons established to be of primary usefulness to mariners are known 
‘as marine radiobeacons; beacons established to be of primary usefulness to airmen are 
known as aeronautical radiobeacons; other bencons established for both classes of user 
are sometimes known as aeromarine radiobeacons. The most common type of marine; 
radiobeacon transmits radio waves of approximately uniform strength in all directions. 
These omnidirectional beacons are known as circular radiobeacons. 

Directional radiobeacons transmit radio waves within a narrow sector. Compared 
with the circular radiobeacon, the transmissions from the directional radiobeacons 
have relatively short range. The rotating loop radiobeacon is discussed in article 4111. 

Most United States and Canadian radiobeacons are grouped together on the same 
operating frequency and are assigned a specific sequence of transmission within this 
group. This reduces station interference and undesirable retuning. Normally the stations 
operate in groups of six, each station in a group of sequenced radiobeacons using the| 
same frequency and transmitting for 1 minute in its proper sequence. A few radio-. 
beacons trans‘ait for 1 minute with 2 minutes of silence, and some radiobeacons transmit 
continuously without interruption. 

Except for calibration radiobeacons, radiobeacons operate during all periods either 
sequenced or continuously, regardless of weather conditions. 

Simple combinations of dots and dashes are used for station identification. These 
combinations and the duration of the dots, dashes, and spaces are chosen for ease of 
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identification. Where applicable, the Morse equivalent character or characters are 
shown in conjunction with the station characteristic. All radiobeacons superimpose the 
characteristic on a carrier which is on continuously during the period of transmission. 
This extends the usefulness of marine radiobeacons to an airborne or iarine user of an 
automatic radio direction tinder (ADF). Users of the “aural null” type ratio direction 
finder will notice no change in quality of service. A 10-seccnd dash is incorporated in 
the characteristic signal to enable the user of the aural null type of radio direction finder 
to refine his bearing. 

Aeronautical radiobeacons are sometimes used by marine navigators for deter- 
mining lines of position when marine radiobeacons are not available. Since it is not 
possible to predict the extent to which land effect (art. 4104) may render mariners’ 
observations of the bearings of these beacons unreliable, their inclusion in Pubs. Nos. 
117A and 117B, Radio Navigational Aids, does not imply that the beacons have been 
found reliable for marine use. Those aeronautical radiobeacons included in Pubs. Nos. 
117A and 117B may be useful to the marine navigator who recognizes their limitations. 
These aeronautical aids become less trustworthy, so far as marine applications are 
concerned, as they are situated farther inland or when high land intervenes between 
them and the coast. 

Pubs. Nos. 117A and 117B, Radio Navigational Aids, include in the details of 
many radiobeacons located at or near light stations a statement of the distance and 
bearing of the radiebeacon transmitting antenna from the light tower. Use should be 
made of this information when calibrating (art. 4107) the radio direction finder. 

4103. Direction measurement at the receiving site is accomplished by means of a 
directional antenna. Nearly all antennas have some directional properties, but in the 
usual antenna used for radio communication, these properties are not sufficiently criti- 
cal for navigational use. 

A widely used directional antenna is in the form of a lorp. Suppose a transmitted 
radio signal encounters such 2 loop oriented in tue direction of travel of the radio 
signal, as shown in figure 4103a. If the diameter of the loop is half the wavelength, 
the crest of one wave arrives at one side of the loop at the same time that the trough 
arrives at. the opposite side, as shown. Thus, the currents induced in the two sides 
reinforce each other, causing maximum output from the antenna. A short time later, as 
the wave continues to move past the antenna, the crest reaches the other side of the 
loop, and a new trough reaches the approach side. A maximum current now flows in the 
opposite direction. Therefore, with the antenna in this orientation, an alternating current 
flows in the loop. If the loop diameter is less than half a vavelength, the current is less 
than maximum. - 

if the antenna is rotated 90°, the alternate crests and troughs arrive at both 
sides at the same time, tending to cause currents to flow in opposite directions around the 


loop. Under these conditions the two pa:ts cancel each other, resulting in zero antenna 
output. This condition is called a null. 





Fiaurr 4103a.—Principle of the loop antenna. 
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As the antenna is rotated, its output varies with the angle relative to the direction 
of motion of the radio signal. This condition is illustrated in figure 4103b. The length — 


of a line from the center to the outer edge of the shaded area represents the strength 
of the antenna output at that bearing, relative to the direction of motion of the radio 
wave. Thus, when it is in line, with either side of the loop toward the approaching signal, 
the output is maximum, and at 90° it is minimum. Since the change with bearing is 
most rapid near the region of minimum signal, this is the portion used for determination 
of direction. 

Because of the characteristics of the simple loop antenna, a 180° ambiguity exists. 
That is, a signal approaching from either of two directions 180° apart would cause the 
same antenna output. This ambiguity can be resolved by using a vertical sense antenna 
in connection with a loop. The output from this wire, if the direction of motion of the 
signal js horizontal, is the same in all directions. Therefore, the polar diagram of its 
output is a circle, with the same polarity in all directions. If this output is exactly equal 
to the maximum of the loop, it will cancel the output from one side and double that 


from the other, since the polarity in the two sides is oppesite. The resulting diagram of | 


antenna output is shown in figure 4193c. With this arrangement, a single minimum 


exists, permitting the determination of which of the two reciprocal beariugs is correct, | 


thereby removing the ambiguity. The loop antenna is then used for making the reading. 
This is the type of equipment commonly used with a radio direction finder. 

Two variations of the loop antenna are also used in radio direction finders. In one 
of these, the crossed loop type, two loops are rigidly mounted in such manner that one is 
rotated 90° with respect to the other. The relative output of the two antennas is related 
to the orientation of each with respect to the direction of travel of the radio wave, and 
is measured by a device called a goniometer. This is the type antenna used in an auto- 
matic direction finder. In the other variation, the rotating loop type, a single loop is 
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Fioure 4103b.—Polar diagram Fiovre 41038c.—Poiar diagram of output of ioop antenna 
of output of loop antenna. with vertical sense antenna. 
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kept in rapid rotation by means of a motor. The antenna output is shown on a cathode- 
ray tube, and the resulting display shows the direction of the signal. 

4104. Errors of radio bearings.—Bearings obtained by radio direction finder are 
subject to certain errors, as follows: 

Quadrantal error. When radio waves arrive at a receiver, they are influenced some- 
what by the environment. An erroneous radio direction finder bearirg results from 
currents induced in the direction jinder antenna by re-radiation from the structural 
features of the vessel’s superstructure and distortion of the radio wave front due to the 
physical dimensions and contour of the vessel’s hull. This quadrantal error is a function 
of the relative bearing, normally being maximum for bearings broad on the bow and 

. broad on the quarter. Its value for various bearings can be determined, and a cali- 
bration table made (art. 4107). 

Coastal refraction. As indicated in article 4006, a radio wave crossing a coastline 

at an oblique angle undergoes a change of direction due to difference in conducting and 

s reflecting properties of land and water. This is sometimes called land effect. It is avoided 
by not using, or regarding as of doubtful accuracy, bearings of waves which cross « 
shoreline at an oblique angle. Bearings within 15° to 20° of being parallel to a shoreline 
should not be trusted. If the transmitter is near the coast, negligible error is introduced 
because of the short distance the waves travel before undergoing refraction. 

Polarization error. As indicated in article 4008, the direction of travel of radio | 

_ Waves may undergo an alteration during the confused period near sunrise or sunset, | 
> when great changes are taking place in the ionosphere. ‘This error is sometimes called | 
: night effect. The error can be minimized by averaging several readings, but any radio 
ae ’ = bearings taken during this period should be considered of doubtful accuracy. 
' 


| 
| 
| 


Reciprocal bearings. Unless a radio direction finder has a vertical sensing wire 
- (art. 4103), there is a possible 180° ambiguity in the reading. If such an error is dis- 
- covered, one should take the reciprocal of the uncorrected reading, and apply the cor- 
‘ rection for the new direction. If there is doubt as to which of the two possible directions 
is the correct one, one should wait long enough for the bearing to change appreciably 
and take another reading. The transmitter should draw aft between readings. If the 
reciprocal is used, the station will appear to have drawn forward. A reciprocal bearing 
furnished by a direction finder station should not be used because the quadrantal 
error is not known, either on the given bearing or its reciprocal. 

4105. Accuracy of radio bearings.—In general, good radio bearings should not be in 
error by more than 2° for distanc»s under 150 nautical miles. However, conditions 
vary considerably, and skill is an important factor. By observing the technical in- 
structions for the equipment and practicing frequently when results can be checked by 

« visual observation or by other means, one can develop skill and learn to what extent 
radio bearings can be relied upon under various conditions. 

Other factors affecting accuracy include the errors discussed in article 4104, range, 

; the condition of the equipment, and the accuracy of the calibration (art. 4107). Errors 
in bearing can result if the selectivity (art. 4106) of a radio direction finder is poor. 

4106. Factors affecting maximum range.—The service range of a radiobeacon is 
determined by the strength of the radiated signal. Field strength requirements for a 
given service range vary with latitude, being higher in the southern latitudes. The 
actual useful rangs may vaiy considerably from the service range with different types 
of radio direction finders and during varying atmospheric conditions. 

' Sensitivity is a measure of the ability of a receiver to detect transmissions. All = v4 
b. . direction finder receivers do not have the same sensitivity. Some will detect a radio- 

bet.con signal at its rated range whereas others wil! not detect the same signal until 
such time that the distance to the beacon has decreased. For example, radio direction 
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a 
finders having a sensitivity of 75 microvolts per meter on the radiobeacon band should 2% , 
be capable of detecting a signal whose intensity is 75 microvolts per meter or more. Ag 
radio direction finder having a sensitivity of 120 microvolts per meter will be unable to 
receive a radiobeacon signal rated at 75 microvolts per meter at 100 miles until | 
miles from the radiobeacon. At 56 miles the signal strength of the transmitted signal is 
120 microvolts per meter, which is equal to the sensitivity of the receiver, It a 
| 
A 
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that the sensitivity of a radio direction finder determines the degree to which the full 
range capability of the radiobeacon system can be utilized. 
Selectivity is » measure of the ability of a receiver to choose one frequency and 
reject all others. The selectivity varies with the type of receiver and its condition. 
The transmitted radiobeacon signal is comprised of a band of frequencies, 286.000 kHz 
to 287.020 kHz for example. A radio direction finder capable of accepting «nly this 
narrow band of frequencies would be ideal. If 2 radio direction finder accepts a wide 
2 band of frequencies (280 to 292 kHz) when tuned to 286 kHz, it will admit more noise 
and signals than desired. This additional interference may reduce the usefulness of 
the desired signal, and effectively decrease the maximum range of reception of the 
radiobeacon. 

4107. Calibration.—The reliab;..:v of a radio direction finder is largely dependent § 
upon the accuracy of the calibration A good initial calibration not only increases the | 
reliability of operation but also reduces the need for repeated recalibration, provided 5 
the superstructure and rigging of the vessel are not altered. Correct radio direction 4 
finder calibration compensates for errors caused by induced currents and vessel con- 2 
figuration, i.e. quadrantal error (art. 4104), also known as direction finder error. & 

Proper preliminary procedures for this calibration include accurately aligning & 
the vossel’s pelorus fore-and-aft, providing adequate communications between the | 
pelorus and the radio direction finuer, developing a plan for coordination between 
the calibrator and conning officer, determining that the equipment is in proper oper- #: 
ating condition, and determining that metal booms, cranes, antennas, etc., are in 2 
their normal positions. e 

While the vessel is enroute to the calibration site, it may be advisable to take 3 
a number of bearings on the station to be used for calibration and on one or more 
other charted stations whose relative bearings can be ascertained. If it is feasible 
to take an RDF bearing on such a station when it bears broad on the bow or quarter, 
the magnitude of the quadrantal error can be estimated. Then the electrical error com- i 
pensator, if installed, should be set to correct the error. It is also desirable to take ! 

RDF bearings while the vessel is enroute to the calibration site on a station at 135°, : 
225°, and 315° from the vessel’s heading. These additional readings serve to check ! 
the setting of the electrical error compensator and to indicate whether additional ! 
adjustment of the compensator is required. Generally, if the magnitudes of the bearing - 
errors on 135°, 225°, and 315° are less than the initial error used to adjust the com- : ¢ 
pensator, the setting should be left unaltered. ‘ 

The source of the radio signals used in calibration may be a radiobeacon operating 
on schedule or on request. 

Sequenced radiobeacons < annot broadcast at any time other than on their assigned 
operating minute for the purpose of enabling vessels to calibrate their radio direction 
finders without causing interferer Special radio direction finder calibration trans- _ 
mitters of short. raage are operated at certain localities to provide calibration service | ti = 
during specified periods or on request. These stations with information as to position, 3 
frequency, characteristic, times of service, requests fer use, etc., are listed in Pubs. 
Nos. 117A and 117B, Radio Navigazional Aids and the Light List. 
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The position given for the antenna is the point from which the radiobeacon signal 
is emitted. 

The calibration must be nade on approximately the same frequency or frequencies 
as will be used to take RDF bearings because the direction finder error for several 
frequencies is not likely to be the same. It is believed that one calibration curve or table 
is satisfactory for the normal radiobeacon frequency (285 to 325 kHz); but the instruc- 
tions issued by the manufacturer of the particular radio direction finder to be calibrated 
should be studied in this respect. 

The usual method of calibration is to obtain a series of simultaneous radio and 
visual bearings on a transmitter. This can be done while a vessel swings at anchor or 
more quickly by steaming in a circle at the greatest distance compatible with clear 
visual observation of the transmitter, preferably over 1 mile. The simultaneous bearings 
should be observed and recorded at least every 10°, preferably every 5°. 

The difference between a radio bearing and a simultaneously observed visual 
bearing, using the same reference, is the direction finder error. The error is positive 
if the visual bearing is greater than the radio bearing; otherwise, the error is negative. 

The quadrantal error being maximum, generally, when the station is broad on the 
bow or quarter, setting of the electrical error compensator for a correction equal to the 
error measured when the visual bearing is 45° or 315° should provide marked reduction 
in errors corresponding to visuni hearings of 45°, 125°, 225°, and 315°, If the vessel is 
swung again and another set of visual and RDF bearings are observed, the errors com- 
puted from this swing should comprise primarily the residual nonsymmetrical error 

‘components. This residual error can be corrected by cutting a cam for the mechanical 
error compensator. 

The radio direction tinder should be recalibrated after any changes have been 
made in the set or its surroundings, whenever there is reason to believe that the previous 
calibration has become inaccurate, and also at periodic intervals. 

While RDF bearings are being taken, other radio antennas on board must be in 
the same condition as they were when the calibration was made; movable parts of the 
ship’s superstructure such as booms, davits, wire riggiog, etc., must be secured in the 
positions which they occupied when the radio direction finder was calibrated. Unusual 
cargoes such as large quantities of metals and extraordinary conditions of loading may 
cause errors. 

4108. Using radio bearings.—A bearing obtained by radio, like one determined 
in any other manner, provides means for establishing a line of position. By heading 
in the direction from which the signal is coming, one can proceed toward, or home on, 
the transmitter. In thick weather one should avoid heading directly toward the source 
of radiation unless he has reliable information to indicate that he is some distance 
away. In 1934 the Nantue Lightship was rammed and sunk by a ship homing on 
its radiobeacon. 

Due to the many factors which enter into the transmission and reception of radio 
signals, a mariner cannot practically estimate his distance from a radiobeacon either 

* by the strength of the signals received or by the time at which the signals were first 
heard. Mariners should give this fact careful consideration in approaching radio- 
beacons. When approaching a lightship, large navigational buoy, ocean station vessel, 
or a station on a submarine site, on radio bearings, the risk of collision will be evoided 
by insuring that the radio bearing does not remain constant. 

it should be borne in mind that most lightships and large buoys are anchored to 
a very long scope of chain and, as a result, the radius of their swinging circle is consider- 
able. The charted position is the location of the anchor. Furthermore, under certain 
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conditions of wind and current, they are subject to sv-iden and unexpected sheers | | 
which are certain to hazard a vessel attempting to pass close aboard. i 

Radio waves, like light, travel along great circles. Except in high latitudes, visual 
bearings can usually be plotted as straight lines on a Mercator chart, without significant 
error. Radio bearings, however, sre often observed at such positions with respect to the 
transmitter that the use of a rhumb line is not satisfactory. Under these conditions it is 
customary to apply the conversion angle (art. 1403, vol. IT) as a correction to the 
observed angle, to find the equivalent. rhumb line. Such a correction is not needed when 
a bearing is plotted on a gnomonic chart or one on which a straight line is a good ap- 
proximation of a great circle. In other situations, a correction may be necessary. 

If the transmitter and receiver are on the same meridian, or are both on the equator, 
no correction is needed because rhumb lines and great circles coincide under these 
conditions. The size of the correction increases with degree of departure from these 
conditions, and with greater distance between transmitter and receiver. 

Conversion angles are given in table +. This table is used to convert great circie to 
rhumb line directions. If the ¢‘ference of longitude is not mere than 4°5, and the mid- 
latitude between trausmitter and receiver is not more than 85°, the first part of the table; 
should be used. The simplifying assumptions used in th2 computation of this part of the 
table do not introduce « significent error within the limits of the table. 

The sign of the correction can be determined by referring to the rules given at the 
bottom of each page of iuble i These follow from the fact thet the great circle is nearer 


| 
j 
I 
i 
i 
the pole than the rhumb line. 
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Before taking bearings on a commercial broadcasting station, the mariner should 
consider the following: 

1. The operating frequency of the commercial station may differ widely from the 
frequency for which the radio direction finder is calibrated. 

2. The broadcast antenna may be remote from the broadcast station. 

3. The commercial stations are usually inland. 

Accordingly, the use of commercial broadcasting stations to obtain a direction finder 
bearing is not recommended. If these stations are used, the mariner should recognize 
the limitations of the bearings obtained. 

4109. Radio direction finder stations.—Radio direction finder stations are stations 
equipped with special apparatus for determining the direction of radio signals trans- 
mitted by ships and other stations. The bearines taken by radio direction finder 
stations, and reported to ships, are corrected for all determinable errors except conver- 
sion angle. 

The bearings are normally accurate within 2° for distances under 150 nautical 
miles. The best bearings are obtained on ships whose sigaals are steady, clea., and 
strong. Therefore, the ship’s transmitter should be finely tuned to the frequency of 
the transmitter. If the ship’s transmitter is not finely tuned, it is difficult for the station ~ 
to obtain bearings sufficiently accurate for navigational purposes. 

Where bearing lines intersect an intervening coastline at an oblique angle or 
cross high intervening land, errors of from 4° to 5° may be expected due to refraction 
(art. 4104). However, the sectors in which such refraction may be expected is normally 
known by station personnel. Such sectors may not be included in the published sectors 
of calibration or are indicated as sectors of uncertain calibration. 

The sector of caiibration of s radio direction finder station is the sector about the 
receiving coil of the station in which the deviation of radio bearings is known. In Pubs. . 
Nos. 117A and 117B, Radio Navigational Aids, the sectors are measured clockwise 
from 0° (true north) to 360° and are given Icoking from the station to seaward. Bearings 
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which do not lie within the sector of calibration of ® station should be considered 
unreliable. 

4110. Distance finding stations.— At some locations a radio signal is synchronized 
with a sound signal which may be transmitted through either air or water or both. The 
travel time of the radio signal is negligible compared to that of the sound signal. Con- 
” sequently, the difference in time between reception of the two signals is proportional 
to the distance from the station. The distance in nautical miles is equal to the number 
of seconds of time interval divided by 5} if the sound travels through air, or by 1% if 
through water (or multiplied by 0.18 or 0.8, respectively). The distance so found is 
from the origin of the sound signal, which might differ somewhat from that of the radio 
signal. Table 4110 can be used for finding the distance in nautical miles from a sound 
signal source. 

Distance in nautical miles 
interes from sound signal source 
seconds | 

Submarine 
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i 
Tane 4110.—Table for finding distance 
from a sound source. 


The speed of sound travel is influenced by a number of conditions making it im- 
practicable to state a factor that will give exact results under all conditions. The 
results obtained by the methods described may be accepted as being accurate to within 
10 percent of the distance. 

Ordinarily, the sound signals do not operate during the transmission period of the 
radio signal in clear weather. The methods in use employ, as a rule, distinctive signals 
to indicate the point of synchronization. Methods of synchronizing the signals vary and 
are described or illustrated in official announcements regarding them. It is essential to 
note carefully the point of synchronization used so that no error will be made through 
taking time on the wrong signel or the wrong part of it. 

An example of the synchronized signals is shown in figure 4110. In this example, 
the beginning of the 10-second radio dash and the beginning of the 5-second fog 
sl blast are synchronized. The observer may use as the time interval the interval 

Tom the time of hearing the beginning of the long radio dash to the instant of hearing 
the beginning of the long blast of the fog signal. 


SIX MINUTES 
FIVE MINUTES ONE MINUTE 


RADIOBEACON 


FOS sisnat ONE BUST ev 2043"5) 


Fiaure £110.—Synchronized radio and fog signals. 
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In observing air siznals it is usually sufficient to use a watch with second hand, 
although a stopwatch is helpful. For submarine signals where the interval is shorter 
and a time error correspondingly more important, it is essential that a stopwatch or 
other timing device be used. Where the radiobeacon and submarine signals are not 
received at the same point on the vessel, means of instant communication between 
two observers should be available or synchronized stopwatches provided for each. 

In the case of some sound signais a series of short radio dashes is transmitted at 
intervals following the synchronizing point, so that by counting the number of such 
short dashes heard after the distinctive radio signal and before hearing the correspond- 
ing distinctive sound signal, the observer obtains his distance, in miles equal to the 
number of dashes counted, from the sound signal apparatus unless stated otherwise. 

Ships not equipped with an RDF receiver can take advantage of the distance 
finding feature of a radiobeacon station, if equipped with a radio receiver capable} 
of receiving the transmission. In the case of obtaining distance from a radiobeacon 
station which is synchronized with a submarine sound signal, the ship must also be 
equipped with a device for picking up submarine sound signals. 

4111. Rotating loop radiobeacon.—The rotating loop radiobeacon used in Japanese $ 
waters consists of a rotating loop transmitter having directional properties by which an 
observer in a ship can obtain his bearing from the beacon without the use of a radio 3 
direction finder. Any radio receiving set capable of being tuned to the radiobeacon 
frequency can be used. The only other equipment required is a reliable stopwatch # 
with a sweep second hand. Stopwatches and clocks with dials graduated in degrees 
can be used, from which bearings can be read off directly without any mathematical 
calculation. 

During each revolution of the beacon, the signals received by the observer will 
rise and fell in intensity, passing through a maximum and a minimum twice each 
minute. The positions of minimum intensity, which occur at intervals of 30 seconds 
from one another, are very sharp and can be accurately observed. These are, therefore, 
used for navigation purposes. 

The beacon may be regarded as having a line or beam of minimum intensity which 
rotates at a uniform speed of 360° in 1 minute 4i.e. 6° in 1 second) based on the true 
meridian as starting point. Therefore, if the observer can (1) identify the beacon and (2) | 
measure the number of seconds which this minimum beam takes to reach his position ; 
starting from the true meridian, this number multiplied by six will give his true bearing | 
from the beacon or its reciprocal. ! 

Each transmission (fig. 4111) from the beacon lasts for 4 minutes, and automati- : 
cally starts again at the end of the silent period. Each transmission consists of two} _ 
parts: (1) the identification signal of the station set at a slow speed for the first minute, | 
commencing when the minimum beam is true east and west and followed by a long | 
dash of about 12 seconds duration and (2) the signal group commencing when the mini- | 
mum beam is approaching the true meridian and consisting of (i) the north starting | 
signal, which is Morse V followed by two dots (... — ..); (ii) a long dash of about 
12 seconds duration; (iii) the cast starting signal, which is Morse B followed by two 
dots ( ... ..); and (iv) a jong dash for about 42 seconds. 

The navigation signals are repeated during the remainder of the transmissicn and 
signals cease when the minimum beam is in the east-west position. 

4112. Using the rotating loop radiobeacon.— Procedures for using the rotating loop 
radiobeacon are as follows: 

1. Set stopwatch to zero. 

2. Listen for identification signal. 
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starting signa) (Morse V followed by two dots); start stopwatch exactly at beginning 
- of long dash (00° of figure 4111), counting “one’-“two” with the two preceding dots 
- and “three” for the start of the stopwatch. 


_ art, 1408, vol. ID) is to be used it should be applied to the true bearing of the observer 


































































































Figure +111.—Transmissions from rotsting loop radiobeacon. 


3. When the first long dash begins (at A of figure 4111) standby for the north 


4, Listen for minimum and record its exact time by stopwatch. 

5. Multiply the number of seconds by 6° for bearing. 

6. Determine whether bearing is reciprocal or direct. 

7. If the north signal is faint, use tae east signal but add 90° to the bearing. 

The true bearing estab:ished is from the beacon. Therefore, if conversion angle 


jrem the beacon, as in correcting bearings obtained by shore direction finder stations 
for conversion angle. 

The following preceutions should be c»served: 

1. Stopwatch should be started exactly at the beginning of the long dash. 

2, The time of the minitaum should be observed to the nearest fifth of a second, 
if vossible. 

3. Be sure to determine whether the bearing is the direct bearing tc the beacon 
or its reciprocal. 

4. If the east signal is used, he sure to add 90°. 

5. The stopwatch should be checked before use. This can be done by checking 
the time by stopwatch of the complete revolution of the beacon transmission. A com- 
paratively large bearing error can result from inaccurate timing. 
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CHAPTER XL 
RADAR NAVIGATION 


4201. Introduction.— Radar navigation involves the use of radio waves, usually in 
the centimeter band, to determine the direction and distance of an object reflecting the 
waves to the sender. 

A more detailed discussion of this pact of radionavigatior. ‘s given in Pub. No. 1310, 
Radar Navigation Manual. 

4202. Radar, a term derived from radio detection and ranging, is applied to elec- 
tronic equipment desigred to determine distance by measuxing the time required fer a. 
radio signal to travel from e transmitter to a “target” and return, either as a reflected : 
“echo” (primary radar) or as a retransmitted signal from a transponder (art. 4018) ; 
triggered by the original signal (secondary radar). Since primary radar uses a direc- i 
tional antenna, the direction of the target is also determine’, but with somewhat Jess | 
accuracy than the distance. 

In the usual design for marine navigation applications, the radio signal is pulse i 
modulated (art. 4016). Signals are generated in w transmitter by timing circuit so that 
energy leaves the antenna in very short bursts or “pulses.” During transmission of a 
pulse, the antenna is connected to the transmitter but not the receiver. As soon as the 
pulse leaves, an electronic switch disconnects the antenna from the transmitter and 
connects it to the receiver. Another pulse is not transmitted until after the preceding 
one has had time to travel to the most distant target within range, and return. Since 
the interval between pulses is long compared with the length of a pulse, strong signals 
can be provided with low average power. The duration or length of 8 single pulse is 
called pulse length, pulse duration, or pulse width. 

From the receiver, the return signal goes to the indicator. This consists of a cathode- 
ray tube (art. 4019) and appropriate circuits. Many types of display have been devised, 
a number of them to meet specialized requirements. For navigational use, the earliest 
type of display was the A-scope. The principle of this scope is illustrated in figure 4202a. ! 
At A a pulse leaves the antenna of a ship, and a vertical deflection appears at the start : 
of the horizontal trace on the scope face. At B the pulse has traveled some distance out- ! 
ward from the antenna. A short horizontal line appears after the vertical deflection on : 
the scope face. The length of this line is directly proportional to the distance traveled : 
by the pulse. At C the pulss encounters a target with a reflecting surface. At D the : 
original pulse has moved on beyond the target, but part of its energy hss been reflected : 
back toward the transmitter. At E the echo has arrived back at the transmitting craft, | 
causing a vertical deflection of the horizontal trace. The height of this deflection is ; 
directly proportional to the strength of the returning signal. At F the echo has pro- : 
ceeded on past the transmitting ship, and the trace is completed. i 


i 


This sequence is repeated a great many times, perhaps 1,000 per second, the rate ; 
being called the pulse repetition rate (PRR) or pulse recurrence rate. The start of | 
each trace is synchronized with transmission of the signal so that cach tr ce is a repeti- | 
tion of the previous one, if slight changes in relative positions of transmitting ship, | 
target, and antenna orientation are neglected. Therefore, the trace and all deflections | 
appeer as a continuous line. The distance between leading edges of the vertical de- : 
flections, or “pips,” is directly proportional to range. A change of range alters the & 
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Figure 4202a.—A-scope. 


positions of the sece.d pip. The orientation of the antenna is an indication of direction. 
A pip appears only when the antenna is pointed toward the target. 
: The type of presentation now most commonly used for navigational radar is called 
at the plan nosition indicator (PPI). On this presentation the sweep starts at the center 
of the tube face and moves outward along a radial line which rotates in synchronization 
with the antenna. Instead of being deflected, the trace glows with greater intensity 
: (brightness) at the eppropriate places. Because of the persistence of the tube face 
i" coating, the glow continues after the trace rotates on past the target, resulting in a 
: maplike presentation on the scope. This presentation is shown in figure 4202b. 
On a PPI, the range of a target is proportional to the distance of its echo signal 
from the center of the scope. This may be measured by a series of visible concentric 
circles at established distances from the center, or by means of an adjustable ring 
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(variable range marker) synchronized with a counter. Bearing is indicated by the di- 
rection of an echo signal from the center of the scope. To facilitate measurement of 
direction, a movable, radial, guide line or cursor ‘is provided, and a compass rose is 
placed around the outside of the scope. In the “heading-upward” presentation, relative 
bearings are indicated, the top of the scope representing the direction of the ship’s 
head. In this wnstabilized presentation, the orientation changes with changes in ship’s 
heading. In the stabilized “north-upward” presentation, gyro north is always at the top, 
regardless of the heading. True bearings are indicated if there is no gyro error. On 
this type presentation a radial line is customarily provided at the heading of the vessel. 
Provision may be made for offsetting the center of the PPI presentation from the 
center of the tube face, to permit large-scale observation of distant targets in one 
direction. With “true motion” radar, the center of the PPI continues to represent 
the same geographical position until reset. The actual motion of all moving objects, 
including one’s own vessel, appears on the PPI, instead of the relative movement 
usually shown. . 
Other modifications have been devised. In some installations a repeater dupli- 
cates the presentation, making the information available at a distance from the radar. 
4203. The radar beam.—The pulses of energy as emitted from a feedhorn at the 
focal point of a reflector or as emitted and radiated directly from the slots of a slotted 
_ waveguide antenna would, for the most part, form a single lobe-shaped pattern of 
, radiation if emitted in free space. Figure 4203a shows this free space radiation pattera, 
‘including the undesirable minor lobes or side lobes associated with practical antenna 
design. Because of the large differences in the various dimensions of the radiation 
pattern, figure 4208a is necessarily distorted: 

Although the radiated energy is concentrated or focused into a relatively narrow 
main beam by the antenna, similar to a beam of light from a flashlight, there is no 
clearly defined envelope of the energy radiated. Although the energy is concentrated 
along the axis of the beam, the strength of the energy decreases rapidly in directions 
away from the beam axis. The power in watts at points in the beam is inversely pro- 
portional to the square of the distance. Therefore, the power at 3 miles is only one- 
ninth of the power at 1 mile in a given direction. The field intensity in volts at points 
in the beam is inversely proportional to the distance. Therefore, the voltage at 2 miles 
is only one-half the voltage at 1 mile in a given direction. With the rapid decrease in 
the amount of radiated energy in directions away from the axis and in conjunction with 
the rapid decreases of this energy with distance, it follows that practical limits of power 
of voltage may be used to define the dimensions of the radar beam or to establish its 
envelope of useiul energy. 

The three-dimensional radar beam is normally defined by its horizontal and vertical 
beam widths. Beam width is the angular width of a radar beam between points within 
which the field strength or power is greater than arbitrarily selected lower limits of 
field strength or power. 


Figure 4203a.—Free space radiation pattern, 
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ratios, used conventionally to define beam width. One convention defines beam width as 
the angular width between points at which the field strength is 71 percent of its maxi- | 
mum value. Expressed in terms of power ratio, this convention defines beam width ! 
as the angular width between half-power points. The other convention defines beam : 
width as the angular width between points at which the field strength is 50 percont of its 
maximum value. Expressed in terms of power ratio, the latter convention defines beam 
width as the angular width between quarter-power points. 

The half-power ratio is the most frequently used convention. Which convention 
has been used in stating the beam width may be identified from the decibel (dB) figure 
normally inc. ded with the specifications of a radar set. Half-power and 71 percent 
field strength correspond to —3 dB; quarter-power and 50 percent field strength corre- 
spond to —6 dB. 

The radiation diagram shown in figure 4203b depicts relative values of power 
in the same plane existing at the same distances from the antenna or the origin of . 
the radar beam. Maximum power is ir. the direction of the axis of the beam. Power | 
values diminish rapidly in directions away from the axis. The beam width in this case ; 
is taken as the angle between the half-power points. i 

For a given amount of transmitted power, the main lobe of tha radar beam extends | 
to a greater distance at a given power level with greater concentration of power in i 
narrower beam widths. To increase maximum detection range capabilities, the energy ! 
is concentrated into as narrow a beam as is feasible. Because of practical considerations i 
related to target detection and discrimination, only the horizontal beam width is quite 
+ narrow, typical values being between about 0°65 to 2°0. The vertical beam width is 
: relatively broad, typical values being between about 15° to 30°. 

The beam width is dependent upon the frequency or wavelength of the transmitted 
energy, antenna design, and the dimensions of the antenna. 

For a given antenna size (antenna aperture), narrower beam widths are obtained 
when using shorter wavelengths. For a given wavelength, narrower beam widths are 
obtained when using larger antennas. 

The slotted waveguide antenna has largely eliminated the side-lobe problem. 

With radar waves being propagated in the vicinity of the surface of the sea, the main 
lobe of the radar beam, as a whole, is composed of a number of separate lobes as opposed 
to the single lobe-shaped pattern of radiation as emitted in free space. This phenomenon | 
is the result of interference between radar waves directly transmitted and those waves : 
which are reflected from the surface of the sea. The vertical beam widths of navigational * 
radars are such that during normal transmission, radar waves will strike the surface of the 
sea at points from near the antenna to the radar horizon, depending upon antenna: | 
height and vertical beam width. The indirect, waves (fig. 4203c) reflected from the 
surfzce of the sea may, on rejoining the direct waves, either reinforce or cancel the direct - 


There are two limiting values, exoressed either in terms of field intensity or power | 
i 
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‘ Fieore 4208b.—Rvdiation diagram. 
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waves depending upon whether they are in phase or out of phase with the direct waves, 
respectively. Where the direct and indirect waves are exactly in phase, i.e., the crests 
and troughs of the waves coincide, hyperbolic lines of maximum radiation known as 
lines of maxima are produced. Where the direct and indirect waves are exactly of 
opposite phase, i.e., the trough of one wave coincides with the crest of the other wave, 
hyperbolic lines of minimum radiation known as lines of minima are produced. Along 
directions away from the antenna, the direct and indirect waves will gradually come into 
and pass out of phase, producing lobes of useful radiation separated by regions within 
which, for practical purposes; there is no useful radiation. Except for the fact that the 
phase of the indirect wave is reversed on being reflected from the surface of the sea, 
points on the lines of minima would correspond to differences in the lengths of the paths 
of the direct and indirect waves of en odd number of half wavelengths. Because of the 
reversal of the phase of the indirect wave on being reflected from the surface of the sea, 
points on the lines of minima correspond to differences in the lengths of the paths of the 
direct and indirect waves of an even number of half wavelengths. 

Figure 4203d shows the lower region of the interference pattern of a respresentative 
navigational radar. Since the first line of minima is at the surface of the sea, the first 


~ region of minimum radiation or energy is adjacent to the sea’s surface. 


From this figure it should be obvious that if energy is to be reflected from a target, 
the target must extend somewhat above the radar horizon, the amount of extension being 
dependent upon the reflecting properties of the target. 

A vertical-plane coverage diagram (fig. 4203d) is used by radar designers and an- 
alysts to predict regions in which targets will and will not be detected. 

Of course, on the small page of a book it would be impossible to illustrate the 
coverage of a radar beam to scale with antenna height being in feet and the lengths 
of the various lobes of the interference pattern being in miles. In providing greater 
clarity of the presentation of the lobes, non-linear graduations of the arc of the vertical 
beam width are used. 

The lengths of the various lobes shown in figures 4203d and 4203e should be given 
no special significance with respect to the range capabilities of a particular redar sot. 
As with other coverage diagrams, the lobes are drawn to connect points of equal field 
intensities. Longer and broader lobes may be drawn connecting points of equal, but lesser, 
field intensities. : 

The vertica! plane coverage diagram as shown in figure 4203e, while not represenia- 
tive of navigational radars, does indicate that at the lower frequencies the interference 
pattern is coarser than the patterns for higher frequencies. This particular diagram was 
constructed with the assumption that the free space useful range of the radar beam was 
50 nautical miles. From this diagram it is seen that the ranges of the useful lobes are 
extended to considerably greater distance because of the reinforcement of the direct 
radar waves by the indirect radar waves. Also, the elevation of the lowest lobe is higher 
than it would be for a higher frequency. Figure 4203e aiso illustrates the vertical view of 
the undesirable side lobes associated with practical antenna design. In examining these 


Direct wave 






Sea surface 


Fioure 4203¢.—Direct and indirect waves. 
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radiation covorage diagrams, the reader should keep in mind that the radiation pattern 
is three-dimensional. 

Antenna height os well as frequency or wavelength governs the number of lobes 
in the interference pattern, The number of the lobes and the fineness of the interference 
pattern increase with antenna height. Increased antenna height as well as increases 
in frequency tends to lower the lobes of the interference pattern. 

The pitch and roll of the ship radiating do not affect the structure of the inter- 
ference pattern. ; o 4 

Diffraction is tho bending of o wave as it passes an obstruction. Because of diffrac- 
tion there is some illumination of the region behind an obstruction or target by the 
radar heam. Diffraction effects.are greater at the lower frequencies. Thus, the radar 
beam ot a lower frequency radar tends to illuminate more of the shadow region behind 
an obstruction than the beam of » radar of higher frequency or shorter wavelength. 

Attenuation is the scattering and absorption of the energy in the radar beam as 
it passes through the atmosphere. It causes a decrease in echo strength. Attenuation 
is greater at the higher frequencies or shorter wavelengths. 

While reflected echoes are much weaker than the transmitted pulses, the char- 
acteristics of their return to the source are similar to the characteristics of propagation. 
The strengths of these echoes are dependent upon the. amount of transmitted energy 
striking the targets and the size and reflecting properties of the targets. 


Refraction 


If the radar waves actually traveled in straight lines or rays, the distance to the 
horizon grazed by these rays would be dependent only on the height of the antenna, 
assuming adequate power for the rays to reach this horizon. Without the effects of 
refraction, the distance to the radar horizon would be the same as that of the geometrical 
horizon for the antenna height. Like light rays, radar rays are subject to bending or 
refraction in the atmosphere resulting from travel through regions of different density. 
However, radar rays are refracted slightly more than light rays because of the fre- 
quencies used. 

Where A is the height of the antenna in fect, the distance, d, to the radar horizon 
in nautical miles, assuming standard atmospheric conditions, may be found as follows: 


d=1,22Jh. 


With the distances to the geometrical and optical horizons being 1.06/h and 
1.15-yh, respectively, the radar horizon exceeds the geometrical horizon by 15 percent 
and the optical horizon by 6 percent. Thus, like light rays in the standard atmosphere, 
radar rays are bent or refracted slightly downwards approximating the curvature of the 
earth. 

The distance to the radar horizon does not in itself limit the distance from which 
echoes may be received from targets. Assuming that adequate power is transmitted, 
echoes may be received from targets beyond the radar horizon if their reflecting sur- 
faces extend above it. Note that the distance to the radar horizon is the distance at 
which the radar rays graze the surface of the earth. 

In the preceding discussion, standard atmospheric conditions were assumed. 
The standard atmosphere is a hypothetical vertical distribution of atmospheric tempera- 
ture, pressure, and density which is taken to be representative of the atmosphere for 
various purposes. While the atmospheric conditions at any one locality during a given 
season may differ considerably from standard atmospheric conditions, the slightly 
downward bending of the light and radar rays may be described as the typical case. 































































































































































































































































































RADAR NAVIGATION 947 


Prepares wy Rader Geophysics Sranch, Radar Division, Navel Research Lagoratory, Washington, D.C, 
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Figure 4203d.—Vertical-plane coverage aitarese ay MHz, antenna height 125 feet, wave height 
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Figure 4203e.—Vertical-planc coverage diagram (1000 MHz, vertical beam width 10° 
80 feet, wave height 0 feet). 
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Although the formula for the distance to the radar horizon (d=1.22Vh) is based: 
upon a wavelength of 3 centimeters, this formula may be used in the computation of! 
the distance to the radar horizon for other wavelengths used with navigational radar. 
The value so determined should be considered only as an approximate value because. 
the mariner generally has no means of knowing what are the actual refraction 
conditions. 

In calm weather with no turbulence when there is an upper layer of warm, dry air 
over a surface layer of cold, moist air, a condition known as super-refraction may occur. 
The effect of super-refraction is to increase the downward bending of the radar rays 
and thus increase the ranges at which targets may be detected. Super-refraction occurs 
often in the tropics when a warm land breeze blows over cooler ocean currents. 

If a layer of cold, moist air overrides a shallow layer of warm, dry air, s condition 


known as sub-refraction may occur. The effect of sub-refraction is to bend the radar _— 


rays upward and thus decrease the maximum ranges at which targets may be detected. 

Sub-refraction also affects minimum ranges and may result in failure to detect; 
low lying targets at short range. This condition may occur in polar regions when cold} 
airmasses move over warm ocean currents. i 

Most radar operators are aware that at certain times they are able to detect targets | 
at extremely long ranges, but at other times they cannot detect targets within visual 
ranges, even though their radars may be in top operating condition in both instances. ; 
These phenomena occur during extreme cases of super-refraction. Energy radiated at j 
angles of 1° or less may be trapped in a layer of the atmosphere called a surface radio duct. | 
In the surface radio duct, the radar rays are refracted downward to the surface of the 2 
sea, reflected upward, refracted downward again within the duct, and so on continuously. j 





The energy trapped by the duct suffers little loss; thus, targets may be detected at § 


exceptionally long ranges. Surface targets have been detected at ranges in excess of § 


1,400 miles with relatively low-powered equipment. There is a great loss in the energy § - 


of the rays escaping the duct, thus reducing the chances for detection of targets above & 
the duct. 
Ducting sometimes reduces the effective radar range. If the antenna is below a | 


duct, it is improbable that targets above the duct will be detected. In instances of | 


extremely low-level ducts when the antenna is above the duct, surface targets lying 
below the duct may not be detected. The latter situation does not occur very often. 
Although ducting conditions can happen any place in the world, the climate and 
weather in some areas make their occurrence more likely. In some parts of the world, | 
particularly those having a monsoonal climate, variation in the degree of ducting is! 


mainly seasonal, and great changes from day to day may not take place. In other parts , - 
of the world, especially those in which low barometric pressure areas recur often, the |; 
extent of nonstandard propagation conditions varies considerably from day to day. b. 


4204. Minimum and maximum range.—Since the receiver is disconnected during ! 
transmission of a signal, no echo can be received during this period. As a result, there is * 
a minimum range at which objects can be detected. The shortest pulses are about 0.05 + 
microsecond in duration, or approximately 49 feet long. Since the time measurement 
is of the round trip as the signal travels to the target and the echo returns, the range is 
half the distance corresponding to the measured time interval. Therefore, a minimum 
range of about 25 feet is theoretically possible with a pulse of 0.05 microsecond. How- i 


ever, the practical minimum range is somewhat greater because of receiver recovery time, | - 


sea return, side-lobe echoes, and the vertical beam width. 
1. Recovery time of the receiver extends the minimum range at which a target can 


be detected beyond the range determined by the pulse length. oe 
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2. Sea return or echoes received from waves may clutter the indicator within and 
beyond the minimum range established by the pulse length and recovery time. 

3. When operating near land or large targets, side-lobe echoes (echoes from targets 
detected in the side-lobes of the antenna beam pattern) may clutter the indicator and 
prevent detection of close targets, without regard to the direction in which the antenna 
is trained. 

4. Small surface targets may escape detection when close due to the limits of ef- 
fective radiation established by the vertical beam width. 

The maximum range is limited by the frequency, peak power, pulse length, pulse 
repetition rate, beam width, receiver sensitivity, antenna rotation rate, curvature of 
the earth, target characteristics, and weather. 

1. Lower frequencies (longer wavelengths) generally provide longer detection ranges 
because the attenuation of the higher frequencies is greater, regardless of weather. 

2. The range capability increases with increase in peak power. Doubling the peak 
power increases the range capability by about 25 percent. 

3. As the pulse length is increased, the range capability also increases due to the 


, greater amount of energy transmitted. 


4. The pulse repetition rate (PRR) determines the maximum measurable range of 


: the radar. Ample time must be allowed between pulses for an echo to return from any 


_ target located within the maximum workable range of the system. Otherwise, echoes 
: returning from the more distant targets are blocked by succeeding transmitted pulses. 
: This necessary time interval determines the highest PRR that can be used. The PRR 
> must be high enough, however, that sufficient pulses hit the target, and enough echoes 
; are returned to the radar. 


» 


5. The detection range increases as the radar beam becomes more concentrated. 

6. The more sensitive receivers provide greater detection ranges. 

7. The detection range increases as the antenna rotation rate decreases, For a radar 
set having a PRR of 1000 pulses per second, a horizontal beam width of 2°0, and an 
antenna rotation rate of 6 RPM (1 revolution in 10 seconds or 36 scanning degrees per 
second), there is one pulse transmitted each 0°036 of rotation. There are 56 pulses 
transmitted during the time required for the antenna to rotate through its beam width: 


Beam Width 2°0 


Degrees per Pulse 0°06 pus: 


With an antenna rotation rate of 15 RPM (1 revolution in 4 seconds or 90 scanning 
degrees per second), there is only one puise transmitted each 0°090 of rotation. There 
are only 22 pulses transmitted during the time required for the antenna to rotate 
through its beam width: 


Beam Width __ 2°0 
Degrees per Pulse 0°090 





=22 pulses. 


* From the foregoing it is apparent that at the higher antenna rotation rates, the maxi- 


mum ranges at which targets, particularly small targets, may be detected are reduced. 

8. Since radar operates in the higher frequencies that are essentially line-of-sight, 
the maximum range is limited: by the curvature of the earth. The radar horizon, at 
which rays from the transmitting antenna graze the surface of the earth, is at a distance 
about 15 percent greater than that of the visible horizon (tab. 8). Under conditions of 
abnormal refraction (art. 4203), both visible and radar horizons may be extended to 
greater distances. Due to curvature of the earth, maximum range increases as either 
antenna or target height increases. 
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9. There are several target characteristics which will enable one target to be 
detected at a greater range than another, or for one target to produce a stronger echo | 


than another target of similar size: 


target is of prime importance. If the target.does not rise above the radar horizon, 
the radar beam cannot be reflected from the target. Because of the interference pattern 
in the radar beam, the target must rise somewhat above the radar horizon. 

Size. Up to certain limits, targets having larger reflecting areas return stronger 
echoes than targets having smaller reflecting areas. Should a target be wider than the 
horizontal beam width, the strength of the echoes is not increased on account of the 
greater width of the target because the area not exposed to the radar beam at any 


instant cannot, cf course, reflect an echo. Since the vertical dimensions of most targets | 


are small compared to the vertical beam width of marine navigational radars,.the 
beam width limitation is not normally applicable to the vertical dimensions. However, 
there is a vertical dimension limitation in the case of sloping surfaces or stepped surfaces. 
In this case, only the projected vertical area lying within the distance equivalent of 
the pulse length can return echoes at any instant. 

Aspect of a target is its orientation to the axis of the radar beam. With change in 
aspect, the effective reflecting area may change, depending upon the shape of the 


target. The nearer the angle between the reflecting area and the beam axis is 90°, 


the greater is the strength of the echo returned to the antenna. 


Shape. Targets of identical shape may give echoes of varying strength, depending : 
on aspect. Thus a flat surface at right angles to the radar beam, such as the side of a 3 
steel ship or a steep cliff along the shore, reflects very strong echoes. As the aspect @ 


a 
a 
a 
d 
a 
= 
a 
[ 
Height. Since radar wave propagation is almost line-of-sight, the height, of the 
i 
i 
| 


changes, this flat surface tends to reflect more of the energy of the beam away from the g. * 


antenna, and may give rather weak echoes. A concave surface tends to focus the radar 3°. 
beam back to the antenna while a convex surface tends to scatter the energy. A smooth § 
conical surface does not reflect energy back to the antenna. However, echoes may be § 


reflected to the antenna if the conical surface is rough. 


Texture of the target may modify the effects of shape and aspect. A smooth texture ;- 
tends to increase the reflection qualities, but unless the aspect and shape of the target j 
are such that the reflection is focused :lirectly back to the antenna, the smooth surface f= 


will give a poor radar echo because most of the energy is reflected in another direction. 
On the other hand, a rough surface tends to break up the reflection and improves the 
strength of echoes returned from those targets whose shape and aspect normaily give 
weak echoes. 

Composition. The ability of various substances to reflect radar pulses depends on 
the intrinsic electrical properties of those substances. Thus metal and water are good 
reflectors. Ice is a fair reflector, depending on aspect. Land areas vary in their re- 
flection qualities depending on the amount and type of vegetation and the rock and 
mineral content. Wood and fiber glass boats are poor reflectors. It must be remembered 
that all of the characteristics interact with each other to determine the strength of the 
radar echo, and no factor can be singled out without considering the effects of the 
others. 

10. The usual effects of weather are to reduce the ranges at which targets can be 
detected and to produce unwanted echoes on the radarscope which may obscure the 
returns from important targets or from targets which may be dangerous to one’s ship. 

The wind produces waves which reflect unwanted echos (art. 4206) which appear 
on the PPI as sea return. Sea return is normally greater in the direction from which 
the wind and seas are coming. Rain, hail, and snow storms all may return echoes which 
appear on the PPI as a blurred or cluttered area. In addition to masking targets which 
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are within the storm area, heavy precipitation may absorb some of the strength of the 


; pulse and decrease maximum detection range. 


4205. Radarscope interpretation.—adar may serve the navigator as a very valu- 


* able tool if its characteristics and limitations are understood. Although determining 


position through observation of the range and bearing of a charted, isolated, and well 
defined object having good reflecting properties is relatively simple, this task still 
requires that the navigator have an understanding of the characteristics and limita- 
tions of his radar. The more general task of using radar in observing a shoreline where 
the radar targets are not so obvious or well defined requires considerable expertise which 
may be gained only through an adequate understanding of the characteristics and 
limitations of the radar being used. 

Although the plan position indicator does provide a chartlike presentation when a 
landmass is being scanned, the image painted by the sweep is not a true 1epresentation 
of the shoreline. But with practice, one can acquire considerable skill in interpreting 
the signals appearing on the radarscope. Some of the factors to be kept ir mind in 
interpretation are the following: 

Resolution in range. In part A of figure 4205a, a transmitted pulse has arrived at 
the second of two targets of insufficient size or density to absorb or reflect all of the 
energy of the pulse. While the pulse has traveled from the first to the second target, the 


‘echo from the first has traveled an equal distance in the opposite direction. At B the 


transmitted pulse has continued on beyond the second target, and the two echoes are 
returning toward the transmitter. The distance between leading edges of the two echoes 
is twice the distance between targets, The correct distance will be shown on the scope, 
which is calibrated to show half the distance traveled out and back. At C the targets 
are closer together and the pulse length has been increased. The two echoes merge, 
and on the scepe will appear as a single, large target. At D the pulse length has been 
decreased, and the two echoes appear separated. The ability of a radar to separate 
targets close .ogether on the same bearing is called resolution in range. 1: is reluted 
primarily to pulse length, the minimum distance between targets that can be distin- 
guished as separate ones being half the pulse length. This (half the pulse length) is 
the apparent depth or thickness of a target presenting a flat perpendicular surface to 
the radar beam. Thus, several ships close together may appear as an island. Echoes 
from a number of small boats, piles, breakers, or even large ships close to the shore may 
blend with echoes from the shore, resulting in an incorrect indication of the position 
and shape of the shoreline. 

Resolution in bearing is similar to that in range. A pulse proceeds outward along 
a narrow sector. As the beam rotates, energy is returned during the entire time that a 
target is “illuminated,” the same as with a searchlight. A vertical target such as a 
mast is “seen” over the arc in which there is sufficient illumination to render it visible. 
On a radar PPI a target appears widened by an amount equal to the effective beam 
width, half the effective beam width being added to each side. Thus, the echoes from 
two or more targets close together at the same range may merge to form a single, wider 
echo. The ability to separate such targets is called resolution in bearing. In angular units 
it is dependent primarily upon beam width, a narrower beam having a higher resolution. 
In terms of distance between targets, range is also important, resolution increasing as 
range decreases. 

Height of antenna and target. If the radar horizon (art. 4203) is between the trans- 
mitting vessel and the target, the lower part of the target will not be visible. A large 
vessel may appear as a small craft, a shoreline may appear at some distance inland. 
Areas within shadows may not be visible at all. 
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- Fravre 4205a.—Resolution in range. 
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Reflecting quality of target. Echoes from several targets of the same size may be ; 
quite different in appearance. A metal surface is a better reflector of radio waves - - 
than a wooden surface. A surface perpendicular te the beam returns a stronger echo }° 
than 2 nonperpendicular one. For this reason, a gently sloping beach may not be ; 
visible. A vessel encountered broadside returns a stronger echo than one heading © 
: toward or eway from the radar vessel. In some instances, the strength of an echo 

can be increased by means of a corner reflector (art. 4207). 7 

Frequency. As the frequency is increased, reflections occur from smaller targets. | 

‘ Thus, a 10-centimeter radar generally penetrates fog, rain, snow, etc., while a 3-centimeter 
ibs ; 7 radar receives returns from such obstacles. 

Radarscope interpretation is complicated somewhat by the presence of unwanted | 

signals from atmospheric noise, sea return, precipitation, etc. Collectively, this is called 

clutter. Generally, it is strongest near the vessel and gradually decreases with increased _ 
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reducing the volume or “gain” cf the receiver (not the image intensity of the indi- 
cator), so that weaker signals will not appear. Even when the amplitude of the clutter 
is about the same as that of desired signals, the latter can sometimes be detected by 
watching the scope during several rotations of the antenna. At each rotation the 
signals from targets remain at about the same place, and of about the same magnitudg, 
while those from waves, noise, etc., fluctuate, appearing cifferent on each revolution. 
Floating ice or 4 small boat may not be detected at any range if the waves are high. 
A rough surface returns a stronger echo than a smooth surface. 

Sometimes a signal appeers on a radar screen when there is no visible object at 
the point indicated, and no apparent source of the signal. This is called a ghost. It 
may be due to faulty operation of the radar set or to an actual echo returned from a 
discontinuity in the atmosphere. Sometimes such discontinuities reflect light, also, 
producing images or apparent images similar to mirages and of seeming apparent 
reality. A similar condition occasionally occurs in the sea. This phenomenon is un- 
doubtedly the basis of many reports of strange objects sighted visually or by radar. 
Sometimes such apparent objects exhibit incredible speed or maneuverability. 

The major probiem is that of determining which features in the vicinity of the 
shoreline are actually reflecting the echoes “painted” on the radarscope. Particularly 
in cases where a low lying shore is being scanned, there may be considerable uncertainty. 

An associated problem is the fact that certain features on the shore will not return 
echoes, even if they have good reflecting properties, simply because they are blocked 
from the radar beam by other physical features or obstructions. This factor in turn 
causes the chartlike image painted on the scope to differ from the chart of the area. 

If the navigator is to be able to interpret the chartlike presentation on his radar- 
scope, he must have at least an elementary understanding of the characteristics of 


- radar propagation, the characteristics of his radar set, the reflecting properties of differ- 


ent types of radar targets, and the ability to analyze his chart to make an estimate of 
just which charted features are most likely to reflect the transmitted pulses or to be 
blocked from the radar beam. Although contour lines on the chart topogrephy aid the 
navigator materially in the latter task, experience gained during clear weath.r compari- 
son of the visual cross-bearing plot and the radarscope presentation is invaluable. 

Observing experience gained during good weather transits of confined waters can be 
invaluable during later inclement weather transits, particularly if the navigator gives close 
attention to the identification of those features the reliable identification 0; which would be 
of material aid in effecting a safe transit. 

On relative and true motion displays, landmasses are readily recognizable because 
of the generally steady brilliance of the relatively large areas painted on the PPI. Also 
land should be at positions expected from knowled-e of the ship’s navigational position. 


’ On relative motion displays, landmasses move in directions and at rates opposite and 


equal to the actual motion of the observer’s ship. Individual pips do not move relative 
to one another. Ona true motion displays, landmasses do not move on the PPI if there is 
accurate compensation for set and drift. Without such compensation, i.e., when tae 
true motion display is sea-stabilized, only slight movements of landmasses may be 
detected on the PPI. 

Although landmasses are readily recognizable, the primary problem is the identi- 
fication of specific features so that such features can be used for fixing the position of the 
observer's ship. Identification of specific features can be quite difficult because of various 
factors, including distortion resulting from beam width and pulse length, and uncertainty 
as to just which charted features are reflecting the echoes. The following hints may be 
used as an aid in identification: 
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1. Sandspits and smooth, clear beaches normally do not appear on the PPI at ranges | 
beyond 1 or 2 miles because these targets have almost no area that can reflect energy 
back to the radar. Ranges determined from these targets are not reliable. If waves are 7 
breaking over a sandbar, echoes snay be returned from the surf. Waves may, however, 
break well out from the actual shoreline, so that ranging on the surf may be misleading | 
when a radar position is being determined relative to the shoreline. 

2. Mud flats and marshes normally reflect. radar pulses only a little better than a | 
sandspit. The weak echoes received at low tide disappear at high tide. Mangroves and | i 
other thick growth may produce a strong echo. Areas that are indicated as swamps on a i 
chart, therefore, may return 2ither strong or weak echoes, depending on the density | | 
and size of the vegetation growing in the area. i 

3. When sand dunes are ccvered with vegetation and are well back from a low, | i- 
smooth beach, t*e apparen: shoreline determined by radar appears as the line of the | 
dunes rather than the true shoreline. Under some conditions, sand dunes may return | 
strong echo signals because the combination of the vertical surface of the vegetation ; 
and the horizontal beach may form a sort of corner reflector. 

4. Lagoons aud inland lakes usually appear as blank areas on a PPI because the 
smooth water surface returns no energy to the radar antenna In some instances, the 
sandbar or reef surroundirg the lagoon inay not appear on the PI because it lies too | 
low in the water. 

5. Coral atolls and long chains of islands may produce long lines of echoes when 
the radar beam is directed perpendicular to the line of the islands. This indication is | 
especially true when the islands are closely spaced. The reason is that the spreading 
resulting from the width of the radar beam causes the echoes to blend into continuous 
lines. When the chain of islands is viewed lengthwise, or obliquely, however, each 
island may produce a separate pip. Surf breaking on a reef around an ~toll produces 
a ragged, variable line of echoes. 

6. One or two rocks projecting above the surface of the water, or waves breaking 
over a reef, may appear on the PPI. When an object is submerged entirely ard the 
sea is smooth over it, no indication is seen on the PPI. 

7. Df the land rises in a gradual, regular manner from the shoreline, no part of the 
terrain produces an echo that is stronger than the echo from any other part. As s 
result, a general haze of echoes appears on the PPI, and it is dificalt to »scertain the 
range to any particular part of the land. 

Land can be recognized by plotting the contact. Care must be exercised when | - 
plotting because, as a ship approaches or goes away from a snore behind which the | 
land rises gradually, a plot of the ranges and bearings to the land may show an 
“apparent” course and speed. 

8. Biotchy signals are returned from hilly ground because the crest of each hill 
returns a goed echo although the valley beyond is in a shadow. If high receiver gain 
is used, the pattern may become solid except for the very deep shadows. 

%. Low islands ordinarily produce smal! echoes. When thick palm trees or other 
foliage grow on the island, strong echoes often are produced because the horizontal 
surface of the water around tke island forms a sort of corner reflector with the vertical 
surfaces of the trees. As a result, wooded islands give good echoes and can be detected 
at a much greater range than barren islands. 

With the appearance of a small pip on the PPI, its identification as a ship can be 
aided by a process of elimination. A check of the nsvigational position can overrule the 
possibility of land. The size of the pip can be used ¢o overrule the possibility of land or 
precipitation, both usually having a massive appearance on the PPI. The rate of move- 
ment of the pip on the PPI can overrule the possibility of aircraft. 
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: Having eliminated the foregoing possibilities, the appearance of the pip on the PPI 

= at a medium range as a bright, steady, and clearly defined image indicates a high 
- probability that the target is a steel ship. 

4 The pip of a ship target may brighten at times and then slowly decrease in bright- 
~ ness. Normally, the pip of a ship target fades from the PPI only when the range becomes 

* too great. 

Although PPI displays are approximately chartlike when landmasses are being 
scanned by the radar beam, there may be sizable areas missing from the display because 
of certain features being blocked from the radar beam by other features. A shoueline 
which is continuous on the PPI display when the ship is at one position may not be 
continuous when the ship is at another position and scanning the same shoreline. The 
radar beam may be blocked from a segment of this shoreline by an obstruction such as 
& promontory. An indentation in the shoreline, such as a cove or bay, appearing on the 
PPI when the ship is at one position may not appear when the ship is at another 
position nearby. Thus, radar shadow alone can cause considerable differences between 
the PPI display and the chart presentation. This effect in conjunction with beam width 
and pulse length distortion of the PPI display can cause even greater differences. 

The pips of ships, rocks, and other targets close to shore may merge with the shore- 
line image on the PPI. This merging is due to the distortion effects of horizontal beam 
width and pulse length. Target images on the PPI always are distorted angularly by 
an amount equal to the effective horizontal beam width. Also, the target images always 
are distorted radially by an amount at least equal to one-half the pulse length (164 

- yatds per microsecond of pulse length). 

Figure 4205b illustrates the effects of ship’s position, beam width, and pulse length 
on the radar shoreline. Because of L.am width distortion, a straight, or nearly straight, 
shoreline often appears crescent-shaped on the PPI. This effect is greater with the wider 
beam widths. Note that this distortion increases as the angle between the beam axis 
and the shoreline decreases. 

Figure 4205c illustrates the distortion effects of radar shadow, beam width, and 
pulse length. View A shows the actual shape of the shoreline and the Jand behind it. 
Note the steel tower on the low sand beach and the two ships at anchor close to shore. 
The heavy line in view B represents the shoreline on the PPI. The dotted lines represent 
the actual position and shape of all targets. Note in particular: 

1, The low sand beack is not detected by the radar. 

2. The tower on the low beach is detected, but it looks like a ship in a cove, At 
closer range the land would be detected and the cove-shaped area would begin to fill in; 
then the tower could not be seen without reducing the receiver gain. 

3. The radar shadow behind both mountains. Distortion owing to radar shadows is 
responsible for more confusion that any other cause. The small island does not appear 
because it is in the radar shadow. 

4. The spreading of the land in bearing caused by beam width distortion. Look 
at the upper shore of the peninsula. The shoreline distortion is greater to the west 
because the angle between the radar beam and the shore is smaller as the beam seeks 
out the more westerly shore. 


&. Ship No. 1 appears as a small peninsula. Her pip has merged with the land be- 
cause of the beam width distortion. 

6. Ship No. 2 also merges with the shoreline and forms a bump. This bump is 
caused by pulse length and beam width distortion. Reducing receiver gain might cause 
the ship to separate from land, provided the ship is not too close to the shore. The Fast 


Time Constant (FTC) control could also be used to attempt to seperate the ship from 
land. 
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= Beam Width 
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Ficure 4205c.— Distortion effects of radar shadow, beam width, and pulse length. 


4206. Recognition of unwanted echoes.—The navigator must be able to recaguize 
various abnormal echoes and effects on the radarscope so as not to be confused by their 

; presence. 
Indirect or false echoes are caused by reflection of the main lobe of the radar beam 
* off ship’s structures such as stacks and kingposts. When such reflection does occur, the 
; echo will return from a legitimate radar contact to the antenna by the same indirect 
; path. Consequently, the echo will appear on the PPI at the bearing of the reflecting 
? surface. As shown in figure 4206a, the indirect echo will appear on the PPI at the same 
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Fri@ure 4206a.—Indirect eche. 
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range as the direct echo received, assuming that the additional distance by the indirect # 
path is negligible. 

Characteristics by which indirect echoes may be recognized are summarized as} 
follows: 

1. The indirect echoes wili usually occur in shadow sectors. 

2. They are received on substantiaily constant bearings although the true bearing 
of the radar contact may change appreciably. 

3. They appear at the same ranges as the corresponding direct echoes. 

4. When plotted, their movements are abnormal, usually. 

5. Their shapes may indicate that they are not direct echoes. 

Side-lobe effects are readily recognized in that they produce a series of echoes 
(fig. 4206b) on each side of the ma‘n lube echo at the same range as the latter. Semi- 
circles or even complete circles may be produced. Because of the low energy of the side- 
lobes, these effects will normally occur only at the shorter ranges. The effects may be 
minimized or eliminated through use of the gain and anti-clutter controls. Slotted wave 
guide antennas have largely eliminated the side-lobe problem. 

Multiple echoes may occur when a strong echo is received from another ship at4 
close range. A second or third or morc echoes may be observed on the radarscope at 4 - 
double, triple, or other multiples of the actual range of the radar contact (fig. 4206c). 

Second-trace echoes (multiple-trace echoes) are echoes received from a contact 2 
at an actual range greater than the radar range setting. If an echo from a distant target 
is received after the following pulse has been transmitted, the echo will appear on the@ 
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super-refraction is present. Second-trace echoes may be recognized through changes in 


their positions on the radarscope on changing the pulse repetition rate (PRR); their ¢- 


hazy, streaky, or distorted shape; and the erratic movements on plotting. : 

As illustrated in figure 4206d, « target pip is detected on a true bearing of 090°# 
at a distance of 7.5 miles. On changing the PRR from 2000 to 1800 pulses per second, § 
the same target is detected on a bearing of 090° at a distance of 3 miles (fig. 4206e). 3 
The change in the position of the pip indicates t..ut the pip is a second-trace echo. The } 
actual distance of the target is the distance as indicated on the PPI plus half the 
distance the radar wave travels between pulses. 

Electronic interference effects, such as may occur when in the vicinity of another} 
radar operating in the same frequency band as .hat o: the observer’s ship, is usually | 
seen on the PPI as a large number of bright dots either scattered at random or in the| 
form of dotted lines extending from the center to the edge of the PPI. 

Interference effects are greater at the longer radar range scale settings. The inter-} 
ference effects can be distinguished easily from normal echoes because they do a 
appear in the same places on successive rotations of the antenna. 

Stacks, masts, samson posts, and other struc.ures may cause a reduction in the! ; 
intensity of the radar beam beyond these obstructions, especially if they are close to: 
the radar antenna. If the angle at the antenna subtended by the obstruction is more 
than a few degrees, the reduction of the intensity of the radar beam beyond the obstruc- , 
tion may be such that a blind sector is produced. With lesser reduction in the intensity ; 
of the beam beyond the obstructions, shadow sectors can be produced. Within these | 
shadow sectors, small targets at close range mav not be detected while larger targets 
at much greater ranges may be detected. 

Spoking appears on the PPI as a number of spokes or radial lines. Spoking is easily Be 
distinguished from interference effects because the lines are straight on all range-scale | 
settings and sre lines rather than a series of dots. 
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Fiaure 4206b.~~Side-lobe effects. 


Figure 4206c.— Multiple echoes. 


Froure 4206d.—Second-trace echo on 12-mile Figure 4206e.—Position of second-trace echo on 
range scale. 12-mile range scale after changing PRR. 


The spokes may appear all around the PPI, or they may be confined to a sector. 
Should the spoking be confined to a narrow sector, the effect can bo distinguished from 
a Ramark signal (art. 4207) of similar appearance through observation of the steady 
relative bearing of the spoke in a situation where the bearing of the Ramark signal should 
change. 

The appearance of spoking is indicative of need for equipment maintenance. 

The PPI display may appear as alternately normal and dark sectors. This sectoring 
phenomenon is usually due to the automatic frequency control being out of adjustment. 

The appearance of serrated range rings is indicative of need for equipment mainte- 
nance. 

After the radar set has been turned on, the display may not spread immediately 
to the whole of the PPI because of static electricity inside the CRT. Usually, the static 


electricity effect, which produces a distorted PPI display, lasts no longer than a few 
minutes. 




















RADAR NAVIGATION 959 


1 con RIAN HY 





i 
i 
i 
i 
i 





} 


; 


1} RAEN TTA NMNRERET CONTA NRANICsIMMaNNNmermm FS” 
; ‘ t's ve 
i . th 1 
va ; ; 
, 


’ 
, 



























ee 





ay 













































































































































































960 RADAR NAVIGATION 


Hour-glass effect appears as either a constriction or expansion of the display near! 
the center of the PPI. The expansion effect is similar in appearance to the expanded ° 
center display. This effect, which can be caused by a nonlinear time base or the sweep’ 
not starting on the indicator at the same instant as the transmission of the pulse, is most 
apparent when in narrow rivers or close to shore. 

The echo from an overhead power cable appears on the PPI as a single echo always . 
at right angles to the line of the cable. If this phenomenon is not recognized, the echo 
can be wrongly identified as the echo from a ship on a steady bearing. Avoiding action 
results in the echo remaining on a constant bearing and moving to the same side of the 
channel as the ship altering course. This phenomenon is particularly apparent {or the 
power cable spanning the Straits of Messina. 

4207. Aids to radar navigation.—Various aids to radar navigation have been 
developed to aid the navigator in identifying radar targets and for increasing the | 
strength of the echoes received from objects which otherwise are poor radar targets. | 

Buoys and small boats, particularly those boats constructed of wood, are poor | 
radar targets. Weak fluctuating echoes received from these targets are easily lost in the : 
sea clutter on the radarscope. To aid in the detection of these targets, radar reflectors, | 
of the corner reflector type, may be used. The corner reflectors may be mounted on the 
tops of buoys, or the body of the buoy may be shaped as a corner reflector. 

Each corner reflector, shown in figure 42078, consists of three mutually per- 
pendicular flat metal surfaces. A radar wave on striking any of the metal surfaces or 
plates will be reflected back in the direction of its source, i.e., the radar antenna. 
Maximum energy will be reflected back to the antenna if the axis of the radar beam 
makes equal angles with all the metal surfaces. Frequently, corner reflectors are 
assembled in clusters to insure receiving strong echoes at the antenna. 

Although radar reflectors are used to obtain stronger echoes from radar targets, 
other means are required for more positive identification of radar targets. Radar 
beacons are transmitters operating in the marine radar frequency band which produce 
distinctive indications on the radarscopes of ships within range of these beacons. There} 
are two general classes of these beacons: Racon which provides both bearing and range 
information to the target, and Ramark which provides bearing information only. | 
However, if the Ramark installation is detected as an echo on the radarscope, the 
range will be available also. 

Racon is a radar transponder which emits a characteristic signal when cesyeced 
by a ship’s radar. The signal may be emitted on the same frequency as that of the 
triggering radar, in which case it is superimposed on the ship’s radar display auto- 
matically. The signal may be emitted on a separate frequency, in which case to receive _ 
the signal the ship’s radar receiver must be capable of being tuned to the beacon’ 
frequency or a special receiver must be used. In either case, the PPI will be blank except 


gt a aA 


Frevure 4207a.— Corner reflectors. 
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for the beacon signal. However, the only Racons in service are “in band” beacons which 
transmit in one of the marine radar bands, usually only the 3-centimeter hand. 

The Racon signal appears on the PPI as a radial line originating at a ps.nt just 
beyond the position of the radsc beacon or as a Morse code signal (fig. 4207b) displayed 
radially from just beyond the beacon. 

Ramark is a radar beacon which transmits either continuously or at intervals. 
The latter method of transmission is used so that the PPI can be inspected without any 
slutter introduced by the Ramark signal on the scope. The Ramark signal as it appears 
on the PPI is a radial line from the center. The radial line may be a continuous narrow 
line, a broken line (fig. 4207c), a series of dots, or a series of dots and dashes. 
4208. Radar navigation—Radar provides a means of establishing position, or 
xeeping a vessel in safe water during periods of reduced visibility, or at considerable 
distance from shore, when other methods may not be available. Since both range and 
bearing can be obtained, a single identifiable object is needed. However, if a visual 
bearing is available, it should be more reliable than one obtained by radar. Since 
radar range is usually more accurate than radar bearing, a fix by two or more ranges 
is generally preferable to one obtained by two bearings or by range and bearing. How- 
‘aver, accurate range requires reliable identification of the part of the target returning 
-the echo. Thie is not always apparent when natural objects are used. . 
In addition to the usua! methods of piloting, radar is adapted to several methods : 
iof somewhat limited application. If a single prominent target is available in an oper- 
iating area, a series of concentric circles and radial lines can be drawn on the chart and 
| 
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jsuitably labeled. If bearing and distance are measured frequently, an almost continuous 
‘fix can be obtained by spotting in the positions by eye. If a polar plot is made on a piece 
iof transparent material to the same scale as the chart, the ranges and bearings of a num- 
iber of points can be plotted in quick succession, and the transparent material fitted to the 
est by trial and error. The center of the plot is then the position of the radar. 
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Fievre 4207b.—Coded Racon signal. a 
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Fievre 4207c.—Ramark signal appearing as a broken radial line. 


In that the navigator of a radar-equipped vessel always must be prepared to us¢_ 
radar as his primary means of navigation in pilot waters, during the planning for a transi; 
of these waters it behooves him to study the navigational situation with respect to any. 
special techniques which can be employed to enhance the use of radar. The effectiveness 
of such techniques usually is dependent upon adequate preparation for their use 
including special constructions on the chart or the preparation cf transparent char ] 
overlays. 

The correlation of the chart and the PPI display during a transit of confined waterd 
frequentiv can be aided through the use of a transparent chart overlay on which properly- 
scaled concentric circles are inscribed as a means of simulating the fixed range rings or-- 


the PPI. By placing the center of the concentric circles at appropriate positions on the . 


chart, the navigator is able to determine by rapid inspection, and with close approxima; 
tion, just where the pips of certain charted features should appear with respect to thé 
fixed range rings on the PPI when the vessel is at those positions. This techniqué 
compensates for the difficulty imposed by viewing the PPI at one scale and the chart at: 


another scale. Through study of the positions of various charted features with respect - 


to the simulated fixed range rings on the transparency as the center of the simulated 


rings is moved along the intended track, certain possibilities for unique observations: - 


may be revealed. 

By placing the center of the properly scaled simulated range ring transparency, ~ 
over the observer’s most probable position on the chart, the identification of echoed 
is aided. The positions of the range rings relative to the more conspicuous objects aid i 


establishing the most probable position. With better positioning of the center of thd ; 
simulated rings, more reliable identification is obtained. a 


By placing the simulated range ring transparency over the chart so that the 


simulated rings have the same relationship to charted objects as the actual range ring? “~.. 


have to the corresponding echoes, the observer’s position is found at the center of the 
simulated range rings. Under some conditions, there may not be enough suitable 
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jects and corresponding echoes to correlate with the range rings to obtain the desired 
curacy. 

This method of fixing should be particularly useful aboard small craft with limited 
Hifficulties associated with unstabilized displays and lack of a variable range marker. 
- Preferably, radar fixes obtained through measuring the range and bearing to a 
single object should be limited to small, isolated fixed objects which can be identified 
with reasonable certainty. In many situations, this may be the only reliable method 


visual gyro bearing because radar bearings are less accurate than visual gyro bearings. 

A primary advantage of the method isthe rapidity with which a fix can be obtained. 

A disadvantage is that the fix is based upon only two intersecting lines of position, a 

bearing line and a range arc, obtained from observations of the same object. Identifica- 

: tion mistakes can lead to disaster. If the fix is based upon a floating aid, it shculd be treated 
: with considerable caution. 

Generally, fixes obtained from radar bearings are less accurate than those ob- 
tained from intersecting range arcs. The accuracy of fixing by this method is greater 
when the center bearings of small, isolated, radar-conspicuous objects can be observed. 
The rapidity of the method affords a means for initially determining an approximate 
position for subsequent use in more reliable identification of objects for fixing by meens 
of two or more ranges. 

; : Fixing by tangent bearings is one of the least accurate methods. The use of tan- 
gent bearings with a range measurement can provide a fix of reasonably good accuracy. 
' As illustrated in figure 4208a, the tangent bearing lines intersect at a range from the 
sland observed less than the range as measured because of beam width distortion. 
‘Right tangent bearings should be decreased by an estimate of half the horizontal beam 
-width. Left tangent bearings should be increased by the same amount. The fix is taken 
‘as that point on the range arc midway between the bearing lines. 
' ‘Tt is frequently quite difficult to correlate the left and right extremities of the 
island as charted with the island image on the PPI. Therefore, even with compensation 
for half of the beam width, the bearing lines usually will not intersect at the range arc. 

In many situations, the more accurate radar fixes are determined from nearly 
simultaneous measurements of the ranges to two or more fixed objects. Preterably, 
at least three ranges should be used for the fix. The number of ranges which it is feasible 

_ to use in a particular situation is dependent upon the time required for identification 
; and range measurements. In many situations, the use of more than three range arcs 
* for the fix may introduce excessive time lag. 
If the most rapidly changing range is measured first, the plot will indicate less 
progress along the intended track than if it were measured last. Thus, less lag in the 
*radar plot from the vessel’s actual position is obtained through mersuring the most 
rapidly changing range last. 


_ nee 





re > Ficurz 4208a.—Fixing by tangent bearings and radar range. 


which can be employed. If possible, the fix should be based upon-a radar range and’ 
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Similar to e visual cross-bearing fix, the accuracy of the radar fix is dependent upon} 
the angles of cut of the intersecting lines of position (range arcs). For greater accuracy, 
the objects selected should provide range arcs with angles:of cut as close to 90° as is 
possible. In cases where two idertifiable objects lie in opposite or nearly opposite direc-; 
tions, their range arcs, even though they may intersect at a small angle of cut or may; 
not actually intersect, in combination with another range arc intersecting them at an: 
angle approaching 90°, may provide a fix of high accuracy (fig. 420&b). The near tan- 
gency of the two range arcs indicates accurate measurements and good reliability of the: 
fix with respect to the distance off the land to port and starboard. 

Small, isolated, radar-conspicuous fixed objects afford the most reliable and ac- 
curate means for radar fixing when they are so situated that their associated range 
arcs intersect at angles approaching 90°. 

Figure 4208¢ shows a fix obtained by measuring the ranges to three radar-. 
conspicuous objects well situated. The fix is based solely upon range measurements: 
because radar ranges are more accurate than radar bearings even when small objects are 
observed. Note that in this rather ideal situation, a point fix was not obtained. Due to 
inherent radar errors, any point fix should be treated as an accident dependent upon _ 
plotting errors, the scale of the chart, etc. 

Although observed radar bearings were not used in establishing the fix as such,| 
the bearings were useful in the identification of the radar-conspicuous objects. 

As the ship travels along its track, the three radar-conspicuous objects still afford 
good fixing capability until such time as the angles of cut of the range arcs have 
degraded appreciably. At such time, other radar-conspicuous objects should be selected 
to provide better angles of cut. Preferably, the first new object should be selected and 
observed before the angles of cut have degraded appreciably. Incorporating the range}: - 
arc of the new object with range arcs of objects which have provided reliable fixes 
affords more positive identification of the new object. : 

While fixing by means of intersecting range ares, the usual case is that two or§- 
more small, isolated, and conspicuous objects, which are well situated to provide 
good angles of cut, are not available. The navigator must exercise considerable skill in 








Fieure 4208b.—Fixing by range arcs. 
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Froure 4208¢.—Fix by small, isolated radar-conspicuous objects. 


* radarscope interpretation to estimate which charted features are actually displayed. 
. If initially there are no well defined features displayed and there is considerable 
- uncertainty as to the vessel’s position, the navigator may observe the radar bearings of 
- features tentatively identified as a step towards their more positive identification. If 


the cross-bearing fix does indicate that the features have been identified with some 


* degree of accuracy, the estimate of the vessel’s position obtained from the cross-Learing 
" fix can be used as an aid in subsequent interpretation of the radar display. With better 


knowledge of the ship’s position, the factors affecting the distortion of the radar display 
can be used more intelligently in the course of more accurate interpretation of the 
radar display. 

Frequently there is at least one object available which, if correctly identified, can 
enable fixing by the range and bearing of a single object method. A fix so obtained 
can be used as an aid in radarscope interpretation for fixing by two or more intersecting 
range arcs. 

The difficulties which may be encountered in radarscope interpretation during a 
transit may be so great that accurate fixing by means of range arcs is not obtainable. 
In such circumstances, range arcs having some degree of accuracy can be used to aid 
in the identification of objects used with the range and bearing method. 

With correct identification of the object observed, the accuracy of the fix obtained 
by the range and bearing to single object method usually can be improved through 


* the use of a visual gyro bearing instead of the radar bearing. Particularly during periods 


of low visibility, the navigator should be alert for visual bearings of opportunity. 

Although the best method or combination of methods for a particular situation 
must be left to the good judgment of the experienced navigator, factors affecting 
method selection include: : 

1. The general need for redundancy—but not to such extent that too much is 
attempted with too little aid or means in too little time. 

2. The characteristics of the radar set. 

3. Individual skills. 


4. The navigational situation, including the shipping situation. 
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5. The difficulties associated with radarscope jaterp: _..on. 

6. Angles of cut of the lines of position. 

Beam compasses (art. 602) shown in figure 4208u can be a we 7 valuable radar 
navigation tool. If the navigator does not have such tool... “~ wwvailable, he may 
find himself in a situation where his only observations are reu_.c ra iges, but he cannot 


strike the range arcs to fix his position because of the limited spread of the points of 
his compasses. 





FigtRe 4208d.—Beam compasses. 
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CHAPTER XLII 
RADIONAVIGATION SYSTEMS 
General 


4301. Introduction.—Radionavigation systems are characterized with respect to 
their transmissions by the radiofrequency of the carrier wave, the power, and the signal 
type. These systems are also characterized by how the signals are analyzed upon re- 
ception, the nature of the lines of position they supply, their range or area of coverage, 
their availability to the user, their passivity, and their accuracy. 

As discussed in article 4014, the frequency and power of the radio wave transmission 
are among the factors determining the effective range of a system. However, very low 
frequency (VLF) signals travel very long distances with relatively small amuunts of 
power radiated. Although low frequency (LF) transmissions generally show greater 
attenuation with distance than VLF signals, the 100 kHz Loran-C (art. 4329) trans- 
missions in particular, provide reliable groundwave reception at dists.ces of about 
800 to 1,200 nautical miles. The Decca Navigator System (art. 4344), also operating in 
the LF band at 70 to 130 kHz but at considerably less power than Loran-C, provides 

- reliable groundwave reception at distances of more than 400 nautical miles during day- 
light under good reception conditions. At night this reception may be reduced signifi- 
cantly by skywave contamination of the groundwave. The very high frequency (VHF) 
transinission, as from nevigational satellites (ch. XLIV); and the super high frequency 
(SHF) transmissions, as from navigational radar (ch. XLII), are limited to the line-vf- 
sight. 

The signal type affects how signals are analyzed upon reception. In general, the 
receivers of pulse modulated systems determine time intervals; the receivers of con- 
tinuous wave (CW) systems compare phases. From the point of view of reception, 
these systems are designated as time difference measuring systems and phase compari- 
son systems. This distinction is made despite the fact that both systems detect time 
intervals. The phase comparison consists in fact in determining the time shift of one 
wave with respect to another, taking as a unit of time the inverse of the frequency. 

Using Loran-C as a specific example, however, the pulse type signal is processed 
in the receiver by both time difference and phase comparison methods. 

The difference in the ranges of reliable reception of Loran-C and Decca signals 
is also dus to the pulse modulation of the Loran-C signal. Multiple pulse formats 


raise the average power and thus increase the range. Other advantages to be derived 
from pulse modulation include: 


i. {freedom from iane ambiguities, 

2. means to discriminate between groundwaves and skywaves, 

3. suitable coding techniques can be used for groundwave and skywave discrimina- 
tion even if the skywave of an earlier pulse coincides wit. the groundwave cf a later 
pulse, and 

4. the envelope of the pulse permits identifica‘ion of a specific carrier wave cycle 
of a coherent radiofrequency signal for phase measurement purposes. 

The use of continuous wave transmissions for wide area coverage from a single 
complex cf stations results in two serious problems: (1) ambiguities in position deter- 
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968 RADIONAVIGATION SYSTEMS 


mination, and (2) difficulties in discritainating against skywave contamination. Also, 
where high accuracy coverage of long coastlines and vast ocean areas is required, and 
where relatively few suitable sites for transmitting stations are available, continuous ‘ 
wave systems are generally unsatisfactory b: ~ause of the limitations of the maximum 
permissible baseline lengths of the high accuracy continuous wave systems. 

According to the neture of the lines of position provided, racionavigstion systems 
may be described as hyperbolic, ranging, azimuthal, or composite. 

Radionavigation systems may be described as short range if their positicning 
capability is limited to coastal regions, or the maximum useful range is limited to 
making landfall. Examples are radar and the radio direction finder. The systems may 
be described as medium range if their positioning is generally limited to ranges per- 
mitting reliable positioning for about 1 day prior to making landfall; Decca is an exemple. 

Those radionavigation systems providing positioning capability on the high 
seas in areas well bevond the positioning capability of the medium range systems are { 
described as long range systems. Examples of these systems are Loren-C and Omega. ; 
When the latter system is fully implemented, it may be described as a worldwide or 
globai system. The Nuvy Navigaticn Satellite System is an exampie of the worldwide 
or global system. The worldwide or global system provides positioning capability 
wherever the observer may be located on navigable waters. 

The maximum range of a radionavigation system depends upon the frequency, < 
transmitier power, signal-to-noise ratio in the service area, receiver sensitivity, and 
losses over the signal path. The signal-to-noise ratio, often expressed in decibels (app. 
D), is a more realistic indicator of range capebility than the field intensity of the 
groundwave. 

Radionavigation systems may also be classified with respect to availability. 
Loran-C may be described as 2 continuous system because the user within the effec- 
tive range of the system can use it at any time to determine his position. Omega signals 
as transmitted in the 10-second commutation pattern (tab. 4312) may be considered 
as continuously available. Therefore, for practical purposes positioning can be effected 
continuously. When using the Navy Navigation Satellite System (ch. XLIV) near 
tke equator, the time between fixes may be well in excess of 1 hour because one of 
the satellites in near polar orbit 3s not available for observations. Therefore, the Mer 

Navigation Satellite is an example of a system that is not cuitinuoas. 

Those systems whose operation does not recuire the user to transmit signals and | 
can be used simultaneously by an unlimited number of users are described as non- * 
saturable. Saturable systems are limited to a singlc user or a limited number of users 
on a time-shared basis. 


2s enema ceetatin srrenrtate eNO M 





Systems whose operation does not require the user to transmit a signal mey be ; 


described as passive. 


Due to varying uccuracy requirements among users, accuracy (app. Q) classifi- ° 
cations, such as high, medium, and Jew, have limited value. In this chapter Loran-C . 
is described as a system of high accuracy when the groundwave is used; except for 
differential Omega (art. 4321), Omega is described as a system of medium accuracy; * 


Consol is described as a system of low accuracy. 
4302. Distance-difference measurement.—If synckvonized signals from two sta- 
tions are transmitted, the difference in distance from the stations can be measured, 


either by means of the elapsed time interval between the arrival of the two signals, or pes 


Sy measurement of the phase difference between the signals. 

Refer to figure 4302. Let Af and S be two stations. Synchronization is achieved 
by letting the signals of 1, the master, control those of S, the slave or secondary. Circles 
M1, 412, M3, etc., are units of distance from Af; and circles Si, S2, S3, etc., are units of 
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distance from S. If both signals are transmitted at the same instant, they will arrive 
together at any point along a line equidistant from the two ‘ations. This centerline 
is the perpendicular bisector of the baseline joining the two statins. On a sphere, both 
centerline and baseline are great circles. 

The centerline isthe zero time diff-rence line. If the M signal arrives at some point 
before the ‘S signal, the time difference can be found by subtracting the M signal 
travel time (or distance) from the S signal travel time (or distance). If a line is drawn 
through all intersections at which units of distance from S are greater by one than those 
from M (S8, M7; S7, M6; S6, M5; etc.), a curve is formed, as shown at “+1” in figure | 

: 4302. A similar curve labeled ‘‘“—1” is formed if all points at which units of distance | 
from S are less by one than those from M (M8, S7; M7, S6; etc.) are connected. The } 
minus sign indicates that the M signal arrives (—)1 time unit before the S signal, 
or S—M=(—)1. On a plane surisce, such curves are hyperbolas (art 134, vol. II) be- 

> cause they connect points of equal difference of distance between two fixed points. On a 
sphere, such curves are called spherical hyperbolas. On the spheroidal earth the curves 
are called spheroidal hyperbolas and differ somewhat from spherical hyperbolas. 

Other, more sharply curving hyperbolas are formed by connecting lines of greater 
time (distance) difference, as at (+)2, (—)2, (+), (—)3, etc. The maximum difference 
occurs along the baseline extensions beyond the transmitters. This difference depends | 
upon the distance between stations. A pattern of all positive readings can be obtained & 
by delaying the start of the S signal until the M signal is received at S, or longer. # 
Suppose the S signal is transmitted 10 units after the M signal. The M signal for a base- 

‘ line six units long will already have traveled four units beyond S when the S signal 
leaves the transmitter. Therefore, the reading along the baseline extension from S is 
(+-)4, or 10 more than shown in figure 4302. By the time the S signal arrives at the 3 
master transmitter, the M signal will be at 10 (the delay) plus 6 (the number of units 5 
between M and S) units, or 16 units away. Therefore, the reading along the baseline & 
extension beyond M is 10+6=(+-)16. Similarly it can be shown that all other readings = 
are aiso increased by (+-)10. e 

Each hyperbola is a line of position for the associated distance-difference measure- | 
ment. Intersecting families of hyperbolas, as derived from three or more stations, is 
known as a hyperbolic lattice. 
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: Hyperbolic Radionavigation Systems 


4303. Hyperbolic radionavigation systems are so called because of the hyperbolic 
lattices (art. 4302) formed in their signal fields and the associated hyperbolic lines of == 
position supplied. With approp-iate modifications hyperbolic systems can be operated | 
in the circular or ranging mode with circular lines of position. 

Hyperbolic systems provide the greatest potential capability to date for coverage 
of large areas with the smallest number of transmitting sites, and the best compromise 
between accuracy and coverage. Also, the hyperbolic mode of operation enables simpler 
receiver design because time differences can be measured with sufficient precision 

wate without the need for a precision oscillator. Since the precision control equipment is 

located at the transmitting sites, user equipment can be designed to meet different 

4 requirements at reasonable cost. The systems are continuous, non-saturable, and 
passive (art. 4301). 

The disadvantage of a hyperbolic system in needing two stations to provide a 
single family of hyperbolas (figure 4303) can be partly overcome by using a group or 
chain of stations that operates to form a lattice of intersecting families of hyperbolas. 

The accuracy (app. Q) of the fix provided by a hyperbolic radionaviation system 
is dependent upon the accuracy of each line of position used to obtain the fix and the 
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: angle of cut of the lines of position. The accuracy of each line of position depends upon 
* the following factors: : 

i 1. the precision with which the difference between the times of arrival of two 
signals can be measured; 

2. the synchronization of the transmitting stations; 

3. the accuracy of propagation predictions; 

4. operational or receiver accuracy; 

5. user’s position relative to the transmitting stations; and 

6. lattice table and charting accuracies, including the accuracies of the positions 
of the transmitting stations. 

Since the velocity of propagetion of radio energy is approximately 1 foot per nano- 

second, for accuracies on the order of tens or hundreds of feet, measurements must be made 
to tens or hundreds of nanoseconds. If the time differences are to be converted to lines 
of position accurately, propagation conditions must be reliably predictable to tens or 
hundreds of nanoseconds. Receiver accuracy is dependent upon signal-to-noise ratio, 
- operator skill, and instrumentation. The user’s position relative to the transmitting 
- stations governs the gradient or spacing between consecutive lines of position per unit 
time difference, as 1 microsecond. If the gradient is high a relatively small time-differ- 
ence error will result in a relatively high position error. Lines are most closely spaced, 
. giving highest accuracy, along the baseline between stations. As the distance between 
* consecutive lines increases, the accuracy decreases, being so low along the baseline 
. extensions that the use of this part of the lattice is normally avoided. 
. The undesirable divergence of the hyperbolic lines of position varies with the 
- length of the baseline. However, each hyperbola becomes more nearly a straight line 
: (great circle) as distance from the baseline increases. At a distance from the center 
~ of the baseline of five times the length of the baseline, the departure of the hyperbola 
- from a great circle becomes very small, Thus, if the baseline is very short, as in Consol 
(art 4354), the systema can be considered directional (azimuthal) beyond a distance 
of a few miles from the station. 

The use of time-difference measurements to establish lines of position servcs to 
minimize the effects on position accuracy of errors caused by propagation anomalies. 
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Figure 4303.—A family of hyperbulas. Each hyperbola is a line of position for the associated time- 
difference measurement. 
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4304. The ranging mode, often called the Range-Range or Rho-Rho mode, is that 
method of operation in which the times for the signals to travel from each transmitting 
station to the receiver are measured rather than their differences. Hach time measure- 
ment (range meusurement) provides # circular line of position. 

The feasibility of ranging mode is dependent upon a stable frequency source, | 
propagation predictability, and a stable time reference within the receiver. The range 
to a station is calculated from the difference ‘n the known time of transm-asion aud the 
measured time of arrival of the signal at the receiver. The user’s time reference must 
be initially synchronized to the time standard at the transmitting station. Since perfect © 
synchronization is, in general, not feasible, calibration of the user’s time standard 
is required. 

While the gradient (art. 4303) in the hyperbolic mode degrades with increasing ' 
distance from the transmitting staticns, the gradient in the ranging mode is a constant . 
equal to the propagation velocity.. Therefore, the ranging mde overcomes the geo- ; 
metric dilution associated with the hyperbolic mode at extended ranges. Thus, the 
ranging mode can be used to increase the coverage area. 

For a given service area and the sssociated transmitting station locations, the 
ranging mode may provide better system geometry, i.e. better angles of cut of the 
intersecting circtes forming the lattice. Greater freedom in selecting stations for better 
system geometry is afforded by not having to use a master station, two intersecting 
lines of position being obtainable from two slave (secondary) stations. The ranging 
mode of operation can be used to extend the coverage area since the user must be 
within range of only two transmitting stations. Also the coverage area is extended by 
overcoring the geometric dilution of the hyperbolic mode. 

When three stations can be received, the ranging mode is enhanced by redundant 
information since only two stations are needed. This redundancy serves to increase 
fix accuracy. With these circular lines of position, the fix determined by the intersection 
of one pair will, in general, be inconsistent with a fix determined by the intersection of 
a second pair. Since the inconsistency will be due to crrors in the system, including 
drift in the time standard, the third (redundant) measurement can be used to estimate 
the errors. If the estimate is correct ths three lines of position will intersect at a common 
point. 
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Omegea Navigation System 


4305. The Omega Navigation System is a worldwide continuous radionavigation 
system of medium accuracy which provides hyperbolic lines of position through phase | 
comparisons of VLF (10-14 kHz) continuous wave signals transmitted on a common | 
frequency en a time shared basis. The fully implemented system is comprised of only 
eight transmitting stations. 

4306. Omega Navigation System principles—The navigator using what may 
be described as a standard Omegs receiver determines his position within a hyperbolic 
lattice formed by contours of constant phase differences in tre signal field of the trans- 
mitting stations. If the design of the receiver includes a very ssable oscillator, the ; 
navigator may employ a circular or ranging lattice to Cetermine his position. However, 
this mode of operation recuires that the local oscillator be synchronized, both in 
frequency and time, with the oscillator at the transmit ting station. 

With the Omega rece: ver being used in the hyperbolic mode, the measured phase 
difference of phase synchronized ‘and time shared signals received at a particular 
position from two stations transmitting on the same frequency depends solely upon 
how much farther the position is from one transmitting station than the other. The 
term phate synchronized or phase coherent indicates that the phases of all trans- 












































































































































Fiaure 4306.—Phase coherent signals. 
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missions are maintained coherent at their sources. This is accomplished through the 
use of cesium frequency standards. Phase coherence between transmitter and re- 
ceiver oscillator is not required in the hyperbolic mode of operation because the phase 3 
error is cancelled on taking the difference. The term “time shared” indicates that | 
the signals from the stations are not transmitted simultaneously but sequentially in a 
10-second commutation pattern (tab. 4312). Time sharing or sequential transmission / 
is necessary because of the use of the single frequency. 

Although the signals from the transmitting stations are actually transmitted | : 
sequentially in accordance with the commutation pattern, simultaneous transmission i 
can be used to explain the basic principles. Unless ionospheric characteristics change | 
suddenly within the period of the sequence, the same phase-difference measurement | 
can be obtained by a stationary observer, theoretically, whether the transmissions are | 
simultaneous or sequential. When the observer is in motion, the use of sequential } 
transmission for practical considerations, including station identification and simplicity | 
of receiver design, does introduce an error because the difference in phase between 
the local oscillator and one station will be measured at a position different from that 
at which the measurement is made between the local oscillator and the second station. 
However, at the relatively low speeds of marine applications this error is inconsequential. 

As illustrated in figure 4306, phase coherent signals are considered as being trans- # 
mitted from stations X and Y simultaneously. At the instant the phase of the signal 3 
transmitted from station Y is 180° at a point one-half wavelength (4A) from Y, the & 
phase of the signal transmitted from station X is 180° at a point one-half wavelength | 
from X. When the phase of the signal transmitted from station ¥ has increased to 360° 3 
(or returned to 0°) at a point one wavelength from station Y, the signal transmitted ¢ 
from station X will have increased to 360° (or returned to 0°) at a point one wavelength 7 
fron station X at the same instant, etc. eg 

Theoretically, the phase of the signal received from each station can be compared @ | 
with a locally generated reference signal, having the same wavelength and synchronized | 
in }.hase with the phase of the signal being transmitted from each station. Each such 3 
comperison will indicate the fractional part of a wavelength in excess of an integral § 
number of wavelengths that the receiver is distant from a station. E 

Jn actual practice (Sequential transmission), the receiver first measures the | 
difference in phase between the locally generated signal and the phase of the signal 
received from that station of the pair the letter designation of which appears first in the 
alphabet. The difference, the phase angle, is stored for future reference. Then the 
receiver measures the difference in phase between the locally generated signal and the 
phase of the signal received from the other station of the pair. This phase angle is 
subtracted from the phase angle previously obtained using the station the letter desig- 
nation of which precedes that of the second station in the alphabet. This phase-difference 
measurement represents a difference in distance of the receiver from the two stations. 
Insofar as the observer is stationary, the storing of the first phase-angle measurement 
for future (within 10 seconds) comparison with the second measurement is comparable 
vo a simultaneous transmission format. The same phase-difference measurement will be 
observed at all points which have the same difference in distance from the two trans- 
mitting stations. The locus of such pcints is a contour of constant phase (isophase 
contour) which is fixed on the surface of the earth with respect to the positions of the 
two transmitting stations. 

By repeating measurements for another pair of stations, a second isophase contour 
or line of position is obtained. The intersection of the lines of position establishes 
the position of the observer. 
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4307. Omega lanes.—With the stations transmitting at 10.2 kHz, the wavelength 
is approximately 16 nautical miles. Thus, identical phase angles are repeated at 16-mile 
intervals. However, on the baseline between two transmitting stations a specific differ- 


: ence in the phase angles of the radio waves received from the two transmitting stations 


. repeats itself every one-half wavelength or about every 8 miles. 


As is obvious from inspection of figure 4307, isophase contours pass through al] 
points which are an integral number of wavelengths distant from the two transmitting 
stations, X and Y. At points any integral number of wavelengths plus a half wavelength 
from the stations, the phase-difference is also zero. Thus, isophase contours pass through 


points on the baseline a half wavelength apart. 


Since a representative baseline in the Omega system is about 5,000 nautical miles 

in length, or about 300 wavelengths at 10.2 kHz, specific phase-angle differences in 

the 10.2 kHz signal field are repeated about 600 times on the baseline. Hence, at 10.2 

. kHz there are about 609 points on the baseline at which the phase-angle differences 


are zero. 
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Fiaure 4307.—isophase contours. 
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Ficure 4308.—Omega line of position. 


Contours connecting points in the signal field at which the phase-angle differences 
are zero are the constant phase or isophase contours plotted on Omega charts and 
tabulated in the Omega lattice tables. At 10.2 kHz each such contour is spdced at 
intervals of about 8 nautical miles on the baseline. Away from the baseline there is a j 
small divergence of the hyperbolic contours. The exact spacing of the hyperbolic | 
contours on the baseline as printed on a chart is governed by the value used for the 
phase velocity, v. For 10.2 kHz charted contours, c/v=0.9974, where c is the group 
velocity (299,792.5 km/sec). The group velocity, c, cefers to the velocity at which the 
energy is being transferred. This cannot exceed relativistic limits. The phase velocity, v, 
refers to the transfer of a point of reference, a phase difference, rather than a physical 
quantity «4, therefore, is not subject to relativistic velocity limitations. 

The area lying between two zero phase-difference contours is known as an Omega 
lane. Thus, un the baseline between two stations transmitting at 10.2 kHz the lene 
width is about § nautical miles. Each such pair of stations transmitting at 10.2 kHz 
produces a pattern of about 600 Janes. Away from the baseline the lane width for 
10.2 kHz transmissions increases gradually. When the two transmitting stations and 
the receiver form an equilateral triangle (the receiver being 4,300 nautical miles from 
the baseline), the lane width will have increased to about 12 nautical miles. 

In the ranging mode of operation, the lane is the area lying between two zero 
phase-difference contours within which there is a 360° change in phase of the CW wave 
received from a single transmitting station as the receiver is moved from one isophase 
contour to the other. Thus, in the ranging mode, lane width at 10.2 kHz is constant 
at about 16 nautical miles. 

4308. Omega line of position —In the normal hyperbolic mode, the phase-difference 


the stations are transmitting at 10.2 kHz, the observer must know the lane in which 
he is located or his position within an accuracy of 4 miles, if on the baseline. 


The difference in phase angle measurements for a pair of stations (with the - 


propagation correction applied) establishes the percentage value of the lane defining 


the LOP. For example, the phase angle for station A of figure 4308 is 25 percent ofa ~ 
cycle (25 centicycles or 25 cecs) and the phase angle for station B is 75 percent of a cycle , 


(75 centicycles or 75 cecs). The difference, 50 percent of a cycle or 50 cecs, is numerically 
equal to the percentage value of the lane defining the LOP. That is, the LOP is defined 
by 50 percent of the lane or 50 centilanes (50 cels). 

4309. Lane identification Normally, the lane counter of the receiver, which is 
set on departure from a known position, provides the lane. If the lane counting capability 
of the equipment is lost for any reason, such as temporary equipment failure, the 
navigator usually can determine the lane he is in by dead reckoning or other navigational 
means. 
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readout from the receiver (with the propagation correction applied) only indicates the ~ 
isophase contour (LOP) corresponding to the observer’s position witbin a lane. When . . 
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Should there be any ambiguity with respect to the lane, the multiple Omega i 
frequencies can be used to determine the lane by obtaining fixes on two or more pairs i ‘ 
of stations if the user has a multi-channel receiver. Any two stations can be used as a i 
pair rather than a particular master and slave as in the Loran concept. 

If one of the Omega frequencies were 3.4 kHz, the wavelength would be 48 nautical 
miles; the lane width on the baseline would be 24 nautical miles or three times the lane 
width at. 10.2 kHz. The difference between the 13.6 kHz and 10.2 kHz Omega frequencies 
is 3.4 kHz. By observing the difference in the phase-difference readings at 10.2 kHz 
and 13.6 kHz, it is possible to form a coarse lane corresponding to a frequency of 3.4 
kHz, neglecting the slight difference in propagational velocities at 10.2 kHz and 13.6 
kHz. With the coarse lane so formed, the navigator now need only to know his position 
within an accuracy of 12 miles to identify the coarse lane without ambiguity. Since 
the 3.4 kHz coarse lane is formed by three 10.2 kHz fine lanes as shown in figure 4309, 
the correct fine lane can be identified by means of the equivalent of the phase-difference 
weading for 3.4 kHz. The equivalent phase reading is obtained by subtracting the 
.10.2 kHz phase reading from the 13.6 kHz phase reading and then applying o 3.4 kHz 

icorrection. The use of this technique 1s dependent upon the availability of a multi-channel 

sreceiver and propagation corrections for 10.2 kHz and 3.4-kHz. With the correct 10.2 

-kHz lane so identified without ambiguity, it is then possible to determine a more 

-exact line of position within the fine lane by means of a phase reading at 10.2 kHz. | 
4310. Identification of coarse lane.—Since the equivalent of the 3.4 kHz coarse | 

lane is formed by three 10.2 kHz fine lanes, the first step is to inspect the 10.2 kHz i 

f isophase contours on the chart to determine which lane numbers are multiples of three, 


VME! 


- or which numbers on the contours can be divided exactly by three. Having identified 
‘the coarse lane or lanes in which the observer might be located, the next step is to apply 
“the equivalent of the phase-difference reading for 3.4 kHz. If the correct coarse lane 
“has been selected, the isophase contour (LOP) as plotted within the coarse lane will 
‘ie within 12 miles of the-DR position, assuming that such position is not in error by 
more than 12 miles. The LOP will establish in which of the three fine lanes the obsérver 
is located. If the LOP as plotted within the coarse lane does not lie within 12 miles of 
the DR position, an adjacent coarse lane should be selected for use in identification of 
the fine 10.2 kHz lane. | : 
The lane resolution process can be extended further by using even lower difference : oh 
frequencies. By taking the difference of 11.333 kHz and 10.2 kHz Omega frequencies ° 3 
to obtain a difference frequency of 1.133 kHz, a coarse lane having a width of 72 
nautical miles on the baseline can be used. ace 
4311. Station locations and coverage.—The Omega stations, their letter designaters, i 
and approximate locations are given in figure 4311. The Omega coverage diagram, iy 
not shown here but generally similar to the Loran-C coverage diagram (fig. 4340), ; 
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Ficure 4309.—The coarse lane. 



























































































































































































































































Letter Station Approximate Location 
Designation Name General Latitude Longitude 


SN ATA ATS 


A OMEGA Norway Norwegian Coast ot 13°E 

Arctic Circle 

OMEGA Liberia Monrovia, liberia 

OMEGA Hawaii é Oahu, Hawaii 

OMEGA North Dakota Lo Moure, North Dakota 

OMEGA Reunion La Reunion Island, 
France 

OMEGA Argentina Golfo Nuevo, Argentina 
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OMEGA Jopan Tsushima, Japan 


Figure 4311.—Omega station locations. 
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provides the repeatable accuracy for different regions expressed in terms of dus 
(arts. Q7 and Q8). The accuracy is determined using a standard deviation of 4 
centilanes for each of the two lines of position making up the fix. 

4312. Characteristics of the Omeg~ transmission —Omega is a VLF, continuous 
wave, time shared radionavigation syst. wih all stations transmitting at the same 
frequencies. The stations always.transmit in the same order, with the length of each 
transmission varying between 0.9, 1.0, 1.1, and 1.2 seconds from station to station. 
The order and lengths of the station transmissions at 10.2 kHz, in accordance with the 
Omega station identification code, are.contained in table 4312. 


Station A B c. D E F G H 
Length of transmission in seconds-.--.-. 0.9 10 11 12 11 09 12 1.0 


TaBLE 4312,—_Omega commutation pattern. 


4313. Signal format—As shown in figure 4313, the order of transmission is such 
that when station A transmits at 10.2 kHz, stations G and H transmit at 11.33 kHz 
and 13.6 kHz, respectively, for the same time duration that station A transmits at 10.2 
kHz. When station B transmits at 10.2 kHz, stations A and H transmit at 13.6 kHz 
and 11.33 kHz, respectively, for the-same time duration that station B transmits at 
10.2 kHz, and so on until the whole sequence of transmissions has been completed. 
Since there is a time interval of 0.2 second between transmissions, the entire cycle of 
the commutation pattern is repeated every 10 seconds. The start of one of the segments 
of the 10-second cycle is sufficiently close to Coordinated Universal Time (art. 1805) 
to permit station identification while listening to UTC. 

The 0.2-second interval between transmissions rules out the possibility of over- 
lapping of the signals received from different stations. The 0.2-second interval between 
transmissions also eases the requirement for perfect alignment of the receiver com- 
mutator. A 0.1-second error in setting the commutator cycle has negligible effect. 

4314. Identification of the Omega signal.—Depending upon the observer’s distance 
from the various transmitters, the Omega signals are of differing amplitude or strength. 
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Figure 4313.—Signal format. 
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The relative strengths of the signals received and the time sequence of transmission 
can be used to ideniify the Omega signal. 


nized either by the relative sound levels or by the heights of the signals on an oscille- 
scope. In identifying the stations aurally, the signals from the nearer stations will 
sound relatively loud, whereas the signals from the more distant stations will be rela- 
tively weak, or they may not be heard. On an oscilloscope display, the amplitudes of the 
signals from the nearer stations will be relatively large whereas the amplitudes of the 
signals from the more distant stations will be relatively small, or the signals may not be 
seen. It should be kept in mind, however, these methods depend upon cbserving or 
listening to the entire signal format. The transmission from any single transmitter can 
be distorted by propagation effects, and unless all the signe’_ are taken into considera- 

<: tion, an erroneous lane count can be established. Also, “long path” signals, or signals 
which travel the longer of the two possible great-circle paths from the transmitter, 
degrade this technique. 

Each of the eight transmissions during the 10-second period of transmitting the 
complete sequence of signals is called a time segment. The first transmission in the 
sequence is segment A, the second is segment B, etc. (the time segment designation 
should not be confused with the station designations). A particular station can be 
identified by observing the relative time of its transmissions in the segment sequence. 
The 13.6 kHz transmission from station B occurs during time segment C, the 13.6 

re kHz transmission from station C occurs during time segment D (the commutation 
cycle in the receiver must be synchronized so that this condition occurs). By reference 
to standard time transmissions (WWV, WWVH, etc.), the start of the sequence of 
transmissions can be determined. Through identification of the various time segments, 
the various stations can be idenvified. 

Some Omega receivers are desigaed for automatically adjusting the receiver’s 
internal timing circuits to agree with the Omega transmission pattern. 

4315. Characteristics of Omega propagation.—The propagation of very low 
frequency (VLF) electromagaetic waves in the region between the lower portion of the 
ionosphere and the surface of the earth may be described in much the same manner 
as the propagation of higher frequency waves in conventional waveguides. The basic 
quantities in the description are certain electromagnetic waves that satisfy (1) the 
conditions on the electric and magnetic fields at the material boundaries, i.e., the earth’s 
surface and the lower ionosphere; and (2) the equations for propagating waves every- 
where within the region between these boundaries. These waves can be described 
by “the natural modes of propagation,” or simply “modes.” The behavior of the VLF 
wave may be discussed in terms of the modes. 

There are three parameters that indicate how a mode will propagate in the earth- 
ionosphere waveguide: its attenuation rate, excitation factor, and phase velocity. The 
first and second parameters are measures of the energy lost by the mode per unit iength 

oon and how strongly the source generates the mode in comparison to other modes, respec- 
. tively; the third parameter is the mode’s velocity of propagation (phase velocity). 
The modes are usually ordered by increasing attenuation rates, so that normally mode 1 
has the lowest rate. For frequencies in the 10-14 kHz band, the attenuation rates for the 
second and higher modes are so large that only the first mode is of any practical impor- 
tance at very long distances. However, since mode 2 is more strongly excited than mode 1 
by the type of transmitters used in the Omega system, both modes must be considered 
at intermediate distances. In the near field region of a transmitter, other higher-order 
modes may have to be taken into account. 






































By the signal strength method of identification, the various stations can be recog- - 
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Another consideration of some importance is the fact that the modes have different 
phase velocities. In particular, mode 2 has a higher phase velocity than mode 1. Thus, 
as these modes propagate outward from the transmitter. they move in and out of phase 
with one another, so that the strength of the vertical electric field of the signal displays 
“dips” or “nulls” at several points on a radial from the transmitter. These nulls 
gradually disappear, however, as mode 2 attenuates, so that the strength behaves in 
a smooth and regular manner at long distances (where mode 1 dominates). ¥” swever, 
within about 450 nautical miles of a transmitter the modal interference is such that the 
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use of Omega is not generally reliable. 


Since the degree of modal interference is also dependent upon factors other than 
proximity to the transmitter, e.g. path geomagnetic latitude and bearing, the minimum 
distance for reliable use is variable. For applications sensitive to spatial irregularities, 

- such as lane resolution, separations greater than 450 miles may be required. Lesser 
separations may be adequate for daylight path propagation at 10.2 kHz. As a warning, 
the Omega LOPs depicted on charts are dashed within 450 nautical miles of a station. 
Since the characteristics of the Omega signal are largely determined by-the electro- 
magnetic properties of the lower ionosphere and the surface of the earth, any change 
* in these properties along a propagation path will generally affect the behavior of these 
: signals. Of course, the changes will not all produce the same effect. Some will lead to 
. small effects due to a relatively insensitive relationship between the signal character- 
: istics and the corresponding properties. For Omega signals, one of the most important 
? properties in this category is the effective height of the ionosphere. This height is 
. about 90 kilometers (km) at night, but decreases quite rapidly to about 70 km soon 

after sunrise due to the ionization produced by solar radiation. As expected, it increases 


again after sunset. 


‘ The phase velocity of mode 1 is criticality dependent on this height, increasing as 
the height decreases or vice versa. Since the phase of the Omega signal at long distances 
is inversely proportional to this velocity, it will readily increase or decrease in step 
with the effective height. In other words, the phase will be advanced or retarded as 
the effective height changes. One therefore expects regular diurnal chauges in the 
phase from day to day, and studies have shown that this is indeed the case, although 
the exact shape and magnitude of this diurnal variation depends on scveral factors, 
including the geographic position of the receiver and transmitter and the orientation 
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of the path relative to the boundary between the day and night hemispheres. 


In general, however, if an initially all-night path is partially illuminated by the 
sun, statting at the transmitter, the phase will decrease, i.e. be advanced, from the 
night value to the nominal day value; while the opposite change will take place on 
an all-day path that moves into the night hemisphere starting at the transmitter. 
Moreover, the transition from night to day values of phase, or vice versa, will be 
relatively long “ > east-west paths, and will become shorter as the propagation path 
approaches a north-south orientation. Clearly, these changes will have an important 
effect on uncompensated LOPs. Since one wavelength is the distance covered by a 
wave (traveling with a given phase velocity) in one period, the LOPs constructed 
from the measured phase-difference will be saneezed together in going from all day 
to all night conditions over the propayation pach, and stretched out for night to day 


__ transitions, relative to the charted LOPs. 


Finally, while the diurnal variation in phase represents the major time-variation 
in the characteristics of the Omega signal at long distances, the presence of a boundary 
between the day and night hemispheres may produce an additional variation that 
arises in the following manner. In the night hemisphere, both mode 1 and mode 2 ave 
usually present. In the day hemisphere, however, only mode 1 is usually presen. 
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Hence, as the signal passes from the night to the day hemispherz, mode 2 will be con- 
verted into the daytime mode 1 at the day-night boundary. This resultant mode 1 
may then interfere with the nighttime mode 1 that passes unchanged into the day ; \ 
hemisphere. Thus, some additional variation in the characteristics may be ak 


eA A 


due to such interference. 

4316. Gcophysical parameters.—Effects less pronounced than those associated ! 
with diurnal phase shift are produced: by various geophysical parameters including: 

ground conductivity. Very high attenuation is incurred with propagation over 
freshwater ice caps. 

earth’s magnetic field. Propagation towards magnetic west is attenuated more 
than propagation towards magnetic eest. 

solar activity. See Sudden Jonospheric Disturbances (art. 4317) and Polar Cap ; 
Absorption (art. 4318). { 

latitude. The height of the ionosphere varies with latitude, being slightly higher | 
over the higher latitudes than over the lower latitudes during the summer. 7 

| 





ane 


solar zenith angle. The height of the ionusphere varies with the solar zenith angle. 
For example, the ionosphere is higher in the summer than in the winter of the Northern 
Hemisphere. 

4317. Sudden Tonospheric Disturbances (SIDs) occur when there is a very sudden 
and large increase in X-ray flux emitted from the sun, usually during a solar flare. 
SIDs also occur during flares called “X-ray flares” that produce large X-ray flux, but J 2 
which have no components in the visible light spectrum. The ef‘ect, which is restricted | 
to sunlit propagation paths, causes a phase advance and is known as a sudden phase & 
anomaly (SPA). The SID effects are related to the solar zenith angle, and consequently, 
occur mostiy in lower latitude regions. Usually there is a fast advance over a period of 
to 10 minutes followed by a recovery over a period of about 30 to 60 minutes. Significant | 
SIDs could cause position errors of about 2 to 3 miles. ‘ 

4318. The polar cap disturbance (PCD) is an ionospheric disturbance which is in & 
no way dependent on the ice cap in the polar region. It is the result of the focusing effect 2 
the earth’s magnetic field has on particles released from the sun during a solar proton # 
event. The effect concentrates high-energy particles in the region of the magnetic pole 3 
with the result that normal VLF iransmission is disrupted. E 

The effect on radio waves is known as polar cap absorption (PCA). Historically, ; 
PCDs produced latge or total absorption of high frequency radio waves crossing the | 
polar region, hence the term polor cap absorption. The amount of transmission anomaly 






depends on how much of the total transmission path actually crosses the region of the | 
magnetic pole and its associated auroral zone. A transmission path which is entirely | 
outside the Arctic region will be unaffected by the PCD. Although the occurrence of a ! 
PCD is random and unpredictable, the probability of PCD incidence increases during * 
periods of high solar activity. The Omega P- “opagation Correction Tables make no allow- Bo 
ance for this phenomenon which is random in occurrence, although the frequency of 
occurrence increases during those years of peak solar activity. 

The PCDs, often called PCA events (PCAs), may persist for a week or more | i 
although « duration of only a few days is more common. “HY DROLANT/HYDROPAC | 
messages are originated by the Defense Mapping Agency Hydrographic Center if 
significant PCDs are detected. 

The position error that will be experienced for a given LOP will depend upon the 
rensmitting stations used and the effect of the PCD on each signal. In some cases the 
effect will tend to be cancelled out if the navigator is using the hyperbolic mode and has 
chosen station pairs whose transmission paths through the auroral zone are similar. 
However, no cancellation will be realized if the ranging mode is used. Using circular | 
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LOPs in this case, the position error will depend upon the severity of the PCD and the 
propagation path geometry involved. Phase shifts of as much as 50 cecs for a given 
signal have been observed. At 10.2 kHz in the ranging mode, this would correspond to 
a position error of approximately 8 nautical miles. 

4319. Arctic paths.—Thse predicted propagation corrections include allowance for 
propagation over regions of very poor conductivity such as Greenland and parts of 
Iceland. Little data are available for these areas, hence even the best estamates are un- 
certain. In particular, rather rapid avtenuation of the signal with position occurs as one 
passes into the “shadow” of the Greenland ice cap. 

4320. Auroial zones.—Paths which iatercopt the auroral zones surrounding the 
north and south geomagnetic poles are known to affect the phase of Umega signals. 
Auroral effects are believed to arise from electron precipitation in the higher regions of 
the ionosphere which serves as a source of ionization for the D-region of the ionosphere. 
Although the visual auroral zone is generally oval in shape, it is now thought that the 
shape of the effective region producing ionization of the D-region is circular about the 
geomagnetic poles. Thus, auroral effects occur in a circular band between 60° and 80° 
north and south geomagpetic latitude In terms of phase velocity, the nighttime aurora: 
variation is about four times that of the daytime variation. The actual effect on Omega 
signals for paths intersecting this region is a decrease in phase, i.e. a phase advance 
with respect to nominal values. 

4321. Spatial and dispersive correlation.—Over very long transmission paths from 
’ a transmitting station to various points within a limited area, approximately the same 
+ errors will be ac-amulated ulong segments of the different paths. It follows that within 
’ this limited area, two Omega receivers will exhibit similar errors. This spatial correla- 
tion results in Omege having excellent rendezvous capability. Differential Omega, in 
whch a propagation correction as accurately determined at a fixed site is broadcast to 
_ Omega users within ‘ue immediate area (radius up to about 300 nautical miles), makes 
*<2 of this sputial correlation. 

Over tie same propagation path, cuctuations on 10.2 kHz are usually closely 
related to those on 13.6 kHz. This dispersive correlation generally reduces errors 
associated with the use of the two frequencies in lane resolution. 

4322. The stability of propagation has been demonstrated by long term monitoring 
of Omega signals at fixed sites by the Naval Electronics Laboratory Center (NELC) 
and others. ‘The monitoring verifies that the standard deviation of an LOP derived from 
a station pair is on the order of 4 cels. This monitoring also indicates that the phase- 
difference measure at is dependent upon the time of day. During the day the required 
propagation corrections are relatively small but undergo more variations than the 
required nighttime corrections; during the nighttime, the required corrections are 
relatively large but more nearly constant. During the daytime the actual and charted 
Omega lanes differ than during the night. 

4323. Propagation prediction.—The practicality of the Omega Navigation System is 
wepend nt upon the fact that the radio signals in the VL band have very good phase 
stability over extremely long distances. The accu-acy of th: system is dependent upon 
this inherent stability and the predictability of ine phase v.tiations along the prop- 
agation path. Long term studies indicate that the O.nega sig: al phase, which varies 
diurnally in response to diurnal changes in the ionosphere, can be predicted with enough 
accuracy to enable positioning to within 1 to 2 nautical miles dims (app. Q). 

The model for propagation predictions, based on theoretical and empirical physical 
principles, is revised periodically to account for charges in solar activity and other 
propagation anomalies, It is necessary to update the propagation correction tables 
about every 2 years. Through force fitting, the tabular corrections are adjusted ia 
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accordance with local prediction errors determined by monitoring phese data at the 
transmitting stations and other sites. i 

4324. The Omega Propagation Correction Tables contain the necessary data i 
for correcting Omega receiver readouts, affected by the prevailing propagation condi- 
tions, to the standard conditions on which all Omega hyperbolic cherts and tables are 
based. Propagation corrections are always necessary. 

The corrections are presented in the single station (range) mods so that the - 
navigato: xly need acquire the tables for the stations and areas desired. Each table 
contains propagation corrections for the station and area listed on the cover. 

The publication number, pertinent suffix followed by the letter C, and the 

’ designator of the single stations for which they are computed fully identify each 
propagation correction table. Using Pub. No. 224 (109-C) D shown in figure 4324a 
as an example, the 224 designates an Omega publication; the first digit of the suffix 
(109) identifies the frequency as 10.2 kHz (2 denotes 3.4 kHz); the last two digits of 

: the suffix identify the area of coverage of the table as 09 (fig. 4324b); the letter C . 
indicates that the table is a PPC table as opposed to a lattice table; and the station | 
designator (D) completes the full identification of the table. 
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Figure 4324a.—Omega Propagation Correction Tables. 
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‘Propagation corrections are tabulated for each grid point of a grid constructed 
for 4° intervals for latitudes between 0° and 45°. The longitude interval is increased 
to 6° for latitudes between 45° and 60°, and to 8° for latitudes between 60° and 80°. 
Additionally, propagation corrections for the north and south polar areas batween 70° 
and 90° are tabulated at intervals of 4° of latitude and 20° of longitude. 

The corrections for a given coverage area ure arranged in order of increasing west 
longitude and increasing north letitude as shown in figure 4324c. The numbers in the 
centers of the small quadrangles of this figure are the page numbers of the table in 
which the corrections are tabulated. Also, the centers of these quadrangles are the grid 
points at which: sets of corrections are computed. As shown in figure 4324d, each set 
contains a mairix of propagation correction values arranged hovizontally by Greenwich 
mean time (GMT) and vertically in semimonthly periods. 

4325. The propagation corrections effect a conversion fro1.: the prevailing propaga- 
tion conditions to the standard conditions on which the Omega charts and lattice tables 
ere based. 

The values as extracted from the tables are in units of centisycles (cecs). The 
centicycle (cec) is equal to 1 percent of a cycle. Note, however, th the difference in 
cecs of the phase rcadings of a station pair is numerically earn the percentage 
value of the lane defining the LOP, i.e., the difference in ce:s is s:uncrically equal to 
the number of cels defining the LOP within the lane. 

To obtain the propagation correction for a station pair, the correction for each 
station is determined first. Following such determinations, the correction for the 
station the designator of which follows the designator of the other station in the 
alphabet is subtracted algebraically from the propagation correction of the other 
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FiaureE 4324b.—-Omega table areas. 
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Ficure 4324c.—{ndex to corrections for a given coverage area. zg 1 


station. The net value is added algebraically to the phase-difference readout on the 7# ~ 

receiver for that station pair. d ome 
Although extracting the correction data for each station of a pair from the f - <— 

pertinent tables and forming the propagation correction for the station pair are simple | : 

processes, the navigator may prefer to construct graphs in advance for a particular 

area. Since the corrections are for semimonthly periods, the graphs can be used during 

a 2-week period. These grap ‘nay be constructed for single stations, pairs of stations, 


or both. As an example, the following corrections are extracted from the pertinent | 
tables: 7 


PropaGation CorREcTIONS } 

GMT Station A Station B Hyperbolic A~B oe 
07 —71 —(—36) ~—35 4 
08 —71 —(—36) —35 ; 

09 —14 — (—36) 22 
10 —05 —(—25) 30 = 
1 —02 —(—08) 06 
12 —01 —(—02) 01 : 
13 00 09 00 
14 01 — (03) —02 
15 00 — (04) ~04 


Note that since B follows A in the alphabet, the correction for station B is subtracted 
aigebraically from the correction for station A. 
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LOCATION 20,0 N 160.0 € 
STATION 0 HORTH DAKOTA 


GuT 
07 98 oF 20 31 82 13 18 15 17 %8 19 20 21 22 23 28 
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Figure 4324d.—Extracts from Omega Propagation Correction Tables. 


As illustrated in figure 4325a, a simple graph can be constructed which simplifies 
any interpolation that might he required end depicts any rapid variations in the cor- 
rections indicating uncertainty in the validity of the correction. In this graph propaga- 
tion changes occur quite rapidly about 0830Z. Station A (Norway) corrections only 
are graphed in figure 4325b. These corrections for 10 January are for a grid point 
(lat. 16°N, long. 40°W) at which the sun rises at about the same time as at station A. 
Hence, propagation changes over most of the 2,300 nautical mile propagation path from 
northern Norway to 16°N, 40°W occur quite rapidly about 0830Z. The prudent pro- 
cedure would be to use a different station pair at this time for obtaining an LOP. 

When forming the 3.4 kHz coarse lane from the 10.2 kHz and 13.6 kHz trans- 
missions from a station pair and determining in which 10.2 kHz fine lane the observer 
is located by means of the equivalent 3.4 kHz phase-difference reading, the phase- 
difference reading at 10.2 kHz is subtracted from the phase difference reading at 13.6 


kHz. The correction as extracted from the Omega Propagation Correction Tables for 
10.2 kHz is subtracted algebraically from the correction extracted from the tables for 


13.6 kHz. The algebraic difference of the corrections so found for each station of the 
pair is then applied to the phase difference reading. 

4326. Omega plotting charts.—Several series of charts have either been produced 
or are under development for use with the Omega system. The 7600 and 7700 series, 
designed to give global coverage on the Mercator projection with a scale of 1:2,187,400 
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Fiaure 43259.—Diurnal effects. Freurr 4325b.—Diurnal effects. 


(1 inch=30 nautical miles), are plotting sheets overprinted with Omega zero phase- ; 
difference contours for standard propagation conditions. . 
On these plotting charts the LOP for s corrected receiver reading of a station | 
pair is constructed by graphicel linear interpolation between the charted LOPs. : 
Notice to Mariners are not issued for changes to hydrographic information on these a 
plotting charts. The mariner should consult the nautical charts covering the same @ . 
area for hydrographic information. 

4327. Lattice tables.—It is not feasible to provide the great number of large-scale § 
charts required for every application of the Omega System. The counterpart to the 
Omega chart is the lattice table (Omega charting coordinate table) contained in the 
Pub. 224 Series. Through use of this table, Omega lines of position can be plotted on 
a suitable plotting sheet or chart having « scale as large as 1:800,000. 

Because all Omega frequencies are integral multiples of a common base frequency |.” 
(1.183 kHz), there is no real need to publish lattice tables for frequencies other then 
10.2 kHz. For instance, every third 10.2 kHz hyperbola is also a 3.4 kHz hyperbola; 
every fourth 13.6 kHz hyperbola is also a 3.4 kHz hyperbola. The tables are computed 
for hyperbolic lanes at a frequency of 10.2 kHz. Every 10.2 kHz hyperbola, exactly |* 
divisible by three (897,900,903, etc.) is also a 3.4 kHz hyperbola. : 

The numbering of the lanes established by @ station pair increases in the direction Ps 
away from that station of the pair the designator of which appears first in the alphabet; : _ 
the 10.2 kHz lane at the perpendicular bisector of the baseline of the pair is assigned * 

a value of 900. A fictitious minimum lane count is inserted in the lattice computations . - 
to provide this 10.2 kHz lane count of 900 lanes on the perpendicular bisector of the : - 
baseline. 


For each coverage area as shown in figure 4324b there is a separate Omega Table 
(lattice table) for each station pair that can be used in that area. 

The publication number, pertinent suffix, and stetion pair fully identify each : 
lattice table. Using Pub. No. 224 (109), Pair D-H, as an example, the 224 designates | 
an Omega publication; the first digit of the suffix (109) identifies the frequency as © -- 
10.2 kHz; the last two digits of the suffix identify the area of coverage of the table 
as area 09; the station pair (D-H) completes the full identification of the table. 
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Figure 4327.—Extract from Omega Tabie. 


As shown in figure 4327, the columns are headed by lane values at intervals of 
one lane in most cases. Lane values corresponding to the baseline extensions are so 
marked. 

Because Omega isophase contours fan out in all directions, it is sometimes neces- 
sary to tabulate the latitude at which the contours intersect meridians; at other times 
it is necessary to tabulate the longitudes at which the contours intersect parallels of 
latitude. The tables are arranged so that the latitude always appears to the left of 
the longitude. he 
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For the entire area of coverage, points on the isophase contours are tabulated at 
intervals of 1° of latitude or longitude from the equator to 60° north and south. From 
60° latitude to 80° latitude, the points are tabulated at intervals of 1° of latitude or z 
2° of longitude. From 80° latitude to the pole, the points are tabulated at intervals of | 
1° of latitude or 5° of longitude. 

Close to the transmitting stations where the hyperbolic contours curve sharply, 
additional points are tabulated at intervals of 15 minutes of arc. The spacing of the 
points is such that the navigator can safely use a straight line between any two adjacent § 
tabulated points as an approximation of the hyperbola. Within approximately 20 | 
miles of a transmitting station, the curvature of the hyperbolic contours is excessive. 
The navigator is cautioned that straight line segments will introduce appreciable errors. 
A plot of three consecutive points will indicate the amount of curvature and the actual 
contour. When operating within 450 nautical miles from a transmitting station, caution 
should be exerciscd because transmissions from the station may not be reliable. The 
use of the signals when within 450 nautical miles of a transmitting staticn should be 
avoided if possible. 

4328. Interpolation—The usual situation is that the LOP corresponding to a 
corrected receiver reading lies within a lane, i.e., U. . LOP usually lies between adjacent 
zero phase-difference contours for standard propagation conditions. Since the lattice 
table tabulations are points on these contours, interpolation is usually required. 

To facilitate linear interpolation in the lattice tables, the rate of chango of latitude 
or longitude per lane is tabulated immediately to the right of each tabulated point 
on the zero phase-difference contour or lane boundary. This A value is only an average & 


NAA 





rate of change for a two-lane band. It is assumed to be correct at the tabulated point of B ° 


the middle hyperbola. For this reason it. always necessary to interpolate from the 2 
nearest tabulated lane value, T. The difference between the corrected receiver reading | 


and tabular lane is multiplied by A. This product is added algebraically to the value 7 
of latitude or longitude tabulated under the column headed by T. Either A or the 8- 


difference between the corrected receiver reading and the tabulated lane value (T) @ 
can be negative. :- 
The A value is in units of minutes of arc, the last digit being tenths of minutes of i 
arc. However, the decimal is not shown in the tabulation. 
As the baseline extensions are approached, accurate interpolation « impossible. 
In these areas, values for A have been omitted. , 
Ezample.—The 0400Z DR position of a ship on 5 February is latitude 21°36’N, ; 
longitude 161°15’E. The 0400Z Omega reading for station pair D-H is as follows: | 


0400Z Pair D-H 1090.15. 


Required.—The 0400Z Omega LOP. 

Solution.—The appropriate predicted propagation correction (PPC) must be | 
applied to the observed receiver reading to obtain the corrected receiver reading. | 
Therefore, enter the PPC tables for the pertinent stations wit!. the DR position. 
Select the PPC for the closest geographic intersection to the ship’s DR position for the 
proper time and date. Combine the PPC’s for the individual stations comprising the 
pair by algebraically subtracting the correction for the second station alphabetically of | 
the pair from the correction for the first station. Apply the 2orrection to the uncorrected 
receiver reading. Enter the lattice table in the T column nearest to the value of the) 
corrected receiver reading and with the latitudes or longitudes closest to and on each | 
side of the DR position. Extract the corresponding longitudes or latitudes for these two 
points. Interpolate if necessary. Plot the two points thus obtained. Connect these two. 
points with a straight line to determine the Omega LOP. : 
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Ficure 4328.—Plot of Omega line of position. 
PPC table excerpts for Stations D and H are as follows (see figure.4324d) : 
PPC@tor:Station-D- s222 2.652 ...setechecseeeeee setae te. Cesc kt ease eek —.49 
PPC for Station; H 22 =2222.cssstssscs22-cseiscees Sie ese ctece eos tac —.07 
PPC for Pair D-H=(—.49)-(—.07)___-------- 2-0 eee eee eee —.42 
Pair D-H lattice table excerpt (see figure 4327) : 
Receiver reading (uncorrected) __--.....--.----.-------------------- =e 1090.15 
PPC for: Pair O- ooo sco esew cise locke eewcdsbetntesascestecsdecess —.42 
Corrected receiver reading._.....-.-..---------------------------- eee 1089.73 
DD tet cee ta eees a bauses cock od So ew use Sate oe stescexe gee 1090.00 
Difhn wc os ac cane sew ene settee sci cee uc suce lec seecect tetas —.27 
Latitude Tabulated A 
longitud: 
21°N 161°34.9E —11.0 
22°N 161°26'7E —11.0 
Interpolated 
Longitude change (diff.X 4) longitude 
‘ (—.27) X (—11.0)=+3/0 161°37/9 
(—.27)X(—11.0)=+3/0 161°29/7E 
a Answer——The LOP is plotted through the following positions: latitude 21°N, 
eae longitude 161°37/9E, and latitude 22°N, longitude 161°29'7E (see figure 4328). ote 
Loran-C : 
4329, Loran-C is a long range hyperbolic radionavigation system ef high accuracy - het 
which processes a pulsed LIF (100 kHz) signal by both the time difference and phase 
comparison methods. Ranges of 800 to 1,200 nautica! miles are obtainable when using 
the groundwave, depending upon transmitter power, signal-to-neise ratio in the service “~ 
area, receiver sensitivity, and losses over the signal path. Wide coverage areas are made ~ 


possible by the low propagation losses of LF groundwaves, by the use of pulse groups to 
increase the average power without any increase in the peak power, and by the use of 
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long baselines which, as compared to shorter baselines, serve to increase the total area! 
where the angles of cut of the lines of position are 15° or greater. 

The normal propagation mode is the groundwave. The skywave propagation mode 
can be used with reduced accuracy beyond the area of groundwave reception. One-hop 
skywaves may be received at ranges up to about 2,300 nautical miles. 

Although it is designed and operated for use in the hyperbolic mode, Loran-C in 
the Range-Range mode (art. 4304) can be used to extend the coverage area within 
which accurate fixes are obtainable. 

The low frequency (90-110 kHz) signals used in the Loran-C system do not suffer 
from the high propagation losses over land associated with medium frequency (MF) 
and high frequency (HF) signals. The MF and HF signals also suffer loss of propagation . 
predictability due to natural and man-made features whose sizes are significant frac-; 
tions of a wavelength. Higher frequency signals are range limited to line-of-sight. j 
Thus, the center frequency of 100 kHz was selected for Loran-C to benefit from the| 
stable propagation characteristics and long range of the LF band. 

4330. Loran-C chains are comprised of a master transmitting station, two or ae 
secondary (slave) transmitting stations and, if necessary, system area monitor stations. j 
The transmitting stations are located so that the signals from the master and at least} 
two secondary stations can be received throughout the desired coverage or service 4 
area. For convenience, the master station is designated by the letter M4 and the secondary § E 
stations are designated W, X, Y, or Z. Thus, a particular master-secoudary pair and the i 
time difference (TD) which it produces can be referred to by the letter designations of 2 
both stations or just that of the secondary, e.g. MX time difference or TDX (fig. 4330). 

4331. The Loran-C signal format.—The transmitting stations of a Loran-C chain )’ 
transmit groups of pulses at a specified group repetition interval (GRI). Each pulse has 
a 100 kHz carrier and is of the shape shown in figure 4331a. The shape is such that §-> 
99 percent of the radiated energy is contained between the frequencies of 90 and 110 
kHz. For each chain a minimum GRI is selected of sufficient length so that it contains 
time for transmission of the pulse group from each station (10,000 microseconds for the 
master and 8,000 microseconds for each secondary) plus time between each pulse group 
so that signals from two or more stations cannot overlap in time anywhere in the 
coverage area (fig. 4331b). Thus, with respect to the time of arrival of the master, a| - 
secondary station will delay its own transmissions for a specified time, called the | 
secondary coding delay. The minimum GRI is therefore a direct function of the number! 
of stations and the distance between them. A GRI for the chain is then selected so that 
adjacent chains do not cause mutual (cross-rate) interference. Possible values for GRI ~ 
are listed in table 4331a. The GRI is defined to begin coincident with the start of the } 
first pulse of the master group. 

Each station transmits one pulse group per GRI. The master pulse group consists / 
of eight pulses spaced 1,000 microseconds apart, and a ninth pulse 2,000 microseconds | - © 
after the eighth. Secondary pulse groups contain eight pulses spaced 1,000 microseconds 
apart. Multiple pulses are used so that more signal energy is available at the receiver, 
improving significantly the signal-to-noise ratio without having to increase the peak 
transmitted power capability of the transmitters. The master’s ninth pulse is used for 
visual identification of the master, and for blink. Blink, used to warn users that there is | 
an error in the transmissions of a particular station, is accomplished by turning the i 
ninth pulse on and off in a specified code as shown in table 4331b. The secondary | 
station of the unusable pair also blinks by turning its first two pulses on and off. 
Most modern receivers automatically detect secondary station blink only, as this i is * 

sufficient to trigger alarm indicators. 
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TDX = THE LOCUS OF ALL POSITIONS WHERE THE 
OBSERVED TIME DIFFERENCE BETWEEN 
THE TIMES OF ARRIVAL OF THE M & X 
SIGNALS IS CONSTANT. 


TOX ~ top OBSERVER 


( HYPERBOLIC FIX } 


SECONDARY 
(y) 


Figure 4330.—Loran-C chain. 


The rate structure for Loran-C is limited in theory to GRIs of 00010 to 99990 
microseconds in 10 microsecond steps. In actual practice the GRIs are between 40000 
and 99990 microseconds with limits placed on rates actually selected. The designation 
of a Loran-C rate is by the first four digits of the specific GRI. This is a newly expanded 
rate structure. The old rate structure consisted of those GRIs with old rate designa- 
tions shown in parentheses (thus rate SS7 is now referred to as 9930). 

4332. Avoiding skywave contamination.—A skywave may arrive at a receiver as 
little as 35 microseconds (us) or as much as 1,000 us after the groundwave. In the first 
case, the skywave will overlap its own groundwave while in the second case the sky- 
wave will overlap the groundwave of the succeeding pulse. Hither case will cause dis- 
tortion of the received signal in the form of fading and pulse shape changes. Large 





- positional errors would result if these conditions were not accounted for in the selection 


of the Loran-C signal format, and the design of the receivers. 

The early arriving skywave is overcome by making time of arrival measurements 
on the first part of the pulse. This ability is enhanced by the fast-rising pulse (fig. 
4331a), achieving high power prior to the arrival of the skywaves. The shape of the 
pulse also allows the receiver to identify one particular cycle of the 100-kHz carrier. 
This is essential to prevent whole cycle ambiguities in the time-difference measure- 
ment and allows the high accuracy of the phase measurement system to be achieved. 

To prevent the long-delay skywaves from affecting the time-difference measure- 
ment, the phase of the 100-kHz carrier is changed in each pulse of a group in accord- 
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¥ 
TaBLr 4331a.—Group repetition intervals (GRI in tens of microseconds). : | 

PULSE ENVELOPE SHAPE = t29~2t/65; : 
yee MICROSECONDS. : 
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Ficure 433la.—Loran-C pulse. 
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LORAN-C CHAIN GRI 


SECONDARY 
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Ficcre 4331b.—Loran-C signal format. 


ance with a predetermined pattern. The phase codes for Loran-C are shown in table 
4331c. The different phase codes for the master and secondary signals also allow auto- 
matic receivers to use the code for maste: and secondary station identification. 

4333. Synchronization control All transmitting stations are equipped with 

" cesium frequency standa.ds. The high stability and accuracy of these standards permit 
: each station to dezive its own time of transmission without reference to another station. 
The objective for control of a Loran-C chain is to maintain constant the observed 
‘time difference (1D) of each master-secondary pair throughout the coverage area. 
’ Frequency offsets in the cesium standards and changes in propagation conditions can 
cause the observed TD to vary. Therefore, one or more system area monitor (SAM) 
stations with precision receiving equipment are established in the coverage area to 
- monitor continuously the TDs of the master-secondary pairs. In some cases a trans- 
mitting station is suitably located and performs the SAM function. A control TD is 
established through calibration (art. 4334). When the observed TD varies from the 
control TD by one-half of the prescribed control tolerance, the SAM directs a change 
in the timing of the secondary station to remove the error. The control tolerance is 
plus or minus 200 n..noseconds er better. If the observed TD differs from the control 
TD by more than the controi tolerance, “blink’’ (art. 4331) is ordered to advise users 
that the TD is unusable. 

The Loran-C system as it operates today (1977) has maintained a record of 99.7 
percent availability, not including scheduled off-air maintenance, which reduces that 
figure to about 99 percent. New equipment is being developed which will permit on-air 
maintenance, and also improve the system availability, with a goal of better than 
99.7 percent, including all interruptions of service. 

4334. System calibration—When a Loran-C chain is established (or when a 
secondary is added) and periodically thereafter, chain calibration is conducted. 
The purpose of the calibration is to record the Loran-C time differences at a number 
of known geographical points in the coverage area. This information is then used to: 

1. verify the initial chain synchronization to ensure that the chain performs as 
advertised; 

2. establish the control time differences, which are then used as the reference for 
measuring synchronization control; 

>. ensure the accuracy of existing control time differences; 


4. previde survey data for accurate charting and for use in determining surface 
conductivities. 
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MASTER STATION NINTH PULSE: ms = APPROXIMATELY 0.25 SECOND 
oman = APPROXIMATELY 0.75 SECOND 


ON-OFF PATTERN 


12 SECONDS 





XY | — 2. = om 
sf 
x2 mame os =e on on 
YZ | mm ome Sam oe a ee g 
yw == man we = = 


YZW |; one on Be eee SF BPem 


\ xXYZW [~~ = SF Se BES Fee 


SECONDARY STATION FIRST TW 5 PULSES: 


TURNED ON (BLINix::0) FOR APPROXIMATELY C25 SECONDS : 
EVERY 4.0 SECONDS. ALL SECONDARIY USE SAME CODE, 


AUTOMATICALLY RECOGNIZE] BY MOST MODERN LORAN-C 
RECEIVERS. 


TaBLE 4331b.—Loran-C blink code. 


In performing a calibration, an cffort is made to distribute the monitor sites | 
uniformly over the coverage area. Each site is visited for a minimum period of + hours, i 
during which time the Loran-C signals are monitored precisely and the average value : 
for the period is determined. The transmitting stations and the station for which the j 
control time differences are to be established are also required to conduct precise | 
monitoring. The geozraphic location of the monitor site {if not already known) is de- 
termined at the samc time by use of satellite positioning. The calibration data is then 
reduced to establish or check the control time differences, and to estimate surface 


conductivities throughout the coverage area. This improves the ability to predict the . 
time differences at particular locations. 
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a rm RTE AEE LEP NT TE EPIL NEED LITEM LIES: IE TNO OE IY 


MASTER EACH SECONDARY 


ttent-t— + tttttaat 


tantitti+ = toetanttone 


NOTE: (+) INDICATES ZERO DEGREE CARRIER PHASE 
(~) INDICATES 180° CARRIER PHASE 


LORAN-C INTERVALS A&B ALTERNATE IN TIME 


TaBLe 4331c.—Loran-C phase codes. 


4535. Receiver characteristics—A ‘true’ low-cost Loran-C receiver which will 
be useful to the limits of the U. S. Coast Guard’s advertised coverage area for the 
Coastal Confluence Zor has the following characteristics: 

1. It acquires the Loran-C signals automatically, without the use of an oscilloscope. 

2. It accomplishes cycle matching on all pulses to take advantage of the maximum 
accuracy of the system. 

3. It automatically tracks the signals once they have been acquired. 

4, It displays two time-difference readings. 

There are many combined Loran-A/C receivers on the market, exhibiting varying 
degrees of performance. Few of these receivers are known to meet all of the above 
requirements. There is no guarantee that all Loran-A/C receivers will accurately 
measure the received Loran © signals out to the limits of the advertised coverage area, 
since most of them use pulse envelope matching techniques and little or no cycle 
matching. Some receivers perform all of the desired functions except that they depend 
on the operator using an oscillescope for signal acquisitions. In a “noisy” environment 
(e.g. where the atmospheric or man-made noise level is high compared to that of the 
desired Loran-C signals), this will be extremely difficult, again limiting the area in 
which that receiver can be used. 

4336. Interference filters—Like all radionavigation systers, Loran-C can be 
adversely affected by interference. The effect of interference is to make it difficult 
to acquire the Loran-C signals or to make the readings fluctuate more than usual or 
both. Ifost manufacturers provide tuneable filters which can be used to minimize 
such interference. If a user is to remain always in the same general area (about 100-mile 
radius from a center point) it will probubly never be necessary to readjust these filters 
once they are properly set by the manufacturer or his local representative. 

Tf the user is to travel great distances, it will be necessary for him to learn how to 
readjust the filters. This is uot a difficult task following some initial training. 
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4337. Signal acquisition.—To acquire the Loran-C signals it is important to enter 
into the receiver the GRI of the local Loran-C chain. Usually, the GRI will remain 
unchanged as long as the vessel stays on the same const of the United States. 

The speed at which the receiver will find the Loran-C signals depends upon the 
sigi:al strength and how much noise is present. In some receivers, the user can expedite 
the process by preselecting the approximate Loran-C readings he expects to read. 
Most modern receivers will be automatically tracking within 5 minutes of initial turn-on, 
and will continue to track until the receiver is turned off. If a user is at a known 
location (at a pier and ready for departure, for example) it will be obvious to him when 
the receiver is providing the correct information. In any event, most receivers show 
some type of an alerm which remains lighted until the receiver is tracking properly. 

Initially acquiring Loran-C signals when arriving from far out (several hundred 
miles or more) at sea is a more difficult problem than the one of a vessel at a pier where 
the Loran-C readings are known. Thus, the receiver may take more time io acquire 
the signals. When first entering a Loran-C coverage area, the receiver should be checked | 
frequently to ensure that all the alarms are extinguished. Sometimes, due to weak 
signals and high noise, the receiver alarms will go out even though the receiver is not 
tracking precisely. However, as the vessel continues to enter the stronger signal area, 
the receiver will automatically recognize that it has made an error and will give the 
user an alarm light. This should occur well before the vessel enters the CCZ. 

4338. .Lattice tables provide the coordinates necessary for the construction of 
straight line representations of segments of the hyperbolic lines of position. Except 
when the user of the ]oran-C system is within about 20 nautical miles of a transmitting 
station, the straight line segment joining any two adjacent tabulated points can he 
used without appreciable error. Should there be doubt about the accuracy of the line 
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of position with regard to curvature, the amount of error can be resolved by plotting an § 


adjoining straight line segment of the line of position. 

Pub. 221, Loran-C Table, is a series of lattice tables published by the Defense 
Mapping Agency Hydrographic Center. In this series there is a separate lattice table 
for each station pair of a chain. Each table is identified by the publication number 
(221), pertinent suffix, and station pair. For example, Pub. 221 (2013) Pair 7960-X 
is the lattice table for t)-- 7960—X pair in the Gulf of Alaska chain. 

Points on hyperbolas separated by 10 microseconds of time difference are tabulated 
in the lattice tables (fig. 4338a) at intervals of whole degrees of latitude or longitude | 
except in areas close to transmitting statiors. In such areas, points are tabulated at 
intervals of whole degrees or quarter degrees, depending upon the degree of curvature 
of the line. A separate column is given for each tabulated reading, at 10-microsecond | 
intervals. An auxiliary tabulation labeled A (delta) gives the change in longitude or lati- 
tude (to 0/01) for a 1-microsecond change in the time-difference reading. Also, points 
on the baseline extension are tabulated in a column headed by the time-difference read- 
ing on the baseline extension. 

Tabulated readings are for groundwaves. Skywave readings are corrected to the 
equivalent groundwave readings before entering the tables. A groundwave reading 
is designated Tg, and a skywave reading Ts. If a groundwave is matched with a sky- 
wave, the reading is labeled Tos if the groundwave is from the master station, and , 
Tso if from the secondary (slave) station. } 

The Loran-C lattice table is entered with the groundwave reading in microseconds, 
and the latitude or longitude. For a line running in a generally north-south direction, 


the table is entered with the latitude, and the corresponding loncitude is taken from »_ 


the table. For an east-west line, the table is entered with longitude, and latitude is 
taken from the table. Two such points are thus determined and plotted, one on each 
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side of the dead reckoning position. The straight line connecting them is an approxima- * 
tion of a smal segment of the line of position. ‘ 

Interpolation is usually required. For each latitude or longitude argument, the 
lattice table is entered with the tabulated time-difference (T) nearest to the groundwave 
reading. The longitudes or latitudes extracted are then corrected by the amounts of 
the products of (Tg—T) and A, the change in longitude or latitude for 1-microsecond 
change in T. Careful attention must be given to the signs of A and (Tg—T). The 
sign of A is found by inspection. The sign of (Tg—T) is found by always algebraically 
subtracting T from Tg. 

Example 1.—The 1530 DR position of a ship is lat. 48°35’N, long. 30°17’W. 
Loran-C readings are obtained, as follows: 

1530 7930-X Toe 29523.8 
1530 7930-Z To 48635.7 

Required.—The 1530 Loran-C fix. 

Solution.—Enter the lattice tables (fig. 4338a) in the T (time difference) column 
nearest to the value of Ig and with the latitudes or longitudes closest to and on each 
side of the DR position. Extract the corresponding longitudes or latitudes for these 
two points. Interpolate if necessary. Plot the two points thus obtained. Connect these 

- two points with a straight line to determine a segment of the hyperbolic line of position. 
. The intersection of two lines for different pairs determines the Loran-C fix (fig. 4338b). 
Pair 7930-X Lati- Tabulated 4 Longitude change Interpolaied 
. tude longitude (fo-T) (4) longitude 
Bes eahs 29520 
To-.---- 29523.8 48°N 30°24/3W +22 (+3.8)X(+.22)=+0/8 30°25/1W 
To-T.-. $3.8 49°N 30°21/5W +21 (43.8)X(+.21I)=+0/8 30°22/3W 








Pair 7830-Z ps i- Tabulated A Latitude change Interpolated 
tude latitude (Tg-T) X (4) latitude 
Teese 48640 
To.----- 48635.7  30°W 48°2413N +20 (—4.3)X(+.20)=—-0'9 48°23'4N : 
To-T_-. 4.8 31°W 48°47'5N +19 (~4.3)X(+.19) =—0'8 48°46°7N s: 


0 se Hl em NAIA NAN WN I 


Loran-C lines of position are plotted through the following positions: lat. 48°N’ 


48°46/7N, long. 31°W. 
Answer.—lat. 48°32°7N, long. 30°23/6W. 
When it is possible to match two groundwaves, never match a groundwave with a 
skywave. Under the best conditions for matching greundwaves to skywaves, the value 
obtained may be uncertain by an amount equivaleat to several miles in position. As is 
the case with matching two skywaves, the ci:or may be very large when the user is 
within 200 microseconds of the baseline extensions. : 
When receiving a skywave signal from one Loran-C station and strong groundwave ; 
and skywave signe!s from a second Loran-C station, the practical procedure is to match : 4 
the skywave from the first station with the groundwave from the second station. This 4 
situation would be encountered when the receiver is located far from the first station 
and near to the second station. The use of an all skywave match in this situation may 
_ cause large errors because of largo uncertainties in the skywave correction for the near 
station. 

Example 2—The 2130 DR position of a ship is lat. 48°35’N, long. 46°45’W. 

Loran-C readings are obtained as follows: 
2130 7980-KX T, 331143 
2130 7930-Z Tso 54632.2 
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Figure 4338a.—Extracts from lattice tables. 


Required.—The 2130 Loran-C fix. 





ae Solution —The observed skywave reading (Ts) must be corrected to an equivalent 

groundwave reading (Tg). Preceding each time-difference table are conventional ‘‘Sky- 

; wave Correction” tebles for daytime (ionosphere height=73 kilometers) and for night- 
; time (h=91 km.). Enter the pertinent table (fig. <338c) (in this example, nighttime— ; 

t. since the Loran-C readings are taken at 2130) with the DR position and obtain the 





- skywave correction. Interpolate if necessary. Apply the correction to the observed Ts 
to determine Tg. 

If a skywave and a groundwave are matched, the observed reading (T'sg or Tos) 
must also be corrected to an equivalent groundwave reading (T,). Special ““Ground- 
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FIGURE 4338b.—Loran-C fix. 


wave to Skywave Correction” tables (fig. 4338d) precede the time-difference tables. 
. Enter the appropriate special correction table (in this example, nighttime) and obtain 
the special correction. To determine ‘I's, apply this correction to the observed Tg or 
Tas reading. 
After Tg is determined, the remainder of the solution follows that of example 1. 
Extracts from the lattice table are given in figure 4338e. 


Pair 7980-X Pair 7980-X 
pcflucotiebcavecccs.coses. 33114. 3 utter wasveGaeusecoennsoes 33120 
Conventional Corr__-...---- +8. 1 Wet eo Soto sesise set whe se 33122. 4 
Ducato e Poke es B38 33122, 4 Vest ecu heetes a scccedeess +2.4 

Lati- Tabulated A Longitude change Interpolated 

tude longitude (Te-T) X (A) longitude 

48°N 46°59/5W +40 (+2.4)XK6+.40) =+1/0 47°00!5W 

49°N — 46°20/5W +38 (+2.4)X(+.38)=+0°9 46°21/4W 
Patr 7930-2 Pair 7980-2 
LgpGieaiate seed cotous Pate ots 45632. 2 | Ne a er te REE RS 45700 
Special Corr__....-2--2.-02- +62 oh Quietes. .saseepec aches: 45694. 2 
Woseescssietuecest ios ele 45694. 2 Deedee oes assescestes —5.8 

Longi- Tabulated A Latitude change Interpolated 

tude latitude (Tq-T) X (A) latitude 
46°W 48°10/9N +13 (—5.8)X(+.13)=—0: 48°10/1N 
47°W 48°41/8N +11) (—5.8)X(+.11)=—0? 48°41/2N 


Answer-—Following the procedure for plotting lines of position as shown: in 
example 1, the 2130 Loran-C fix is lat. 48°31/3N, long. 46°40/2W. 

4339. Propagation prediction—The accuracy of the lattice tables or of the lattices 
‘ overprinted on the nautical chart is dependent upon knowledge of the LF signal transit 
time between a transmitting station and receiver. The signal propagation velocity 
in free-space is well known; however, there exists an additional time (or phase) delay 
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compared to free-space propagation time when the signal propagates over the earth’s 
surface. Compensation for this additional delay is necessary in order to obtain maximum : 


positioning accuracy. The compensation for these delays, in the form of Secondary 
Phase Factor (SF) corrections for signal transmission over all seawater paths and 
Additional Secondary Phase Factor (ASF) corrections for transmission over land paths, 
is generally derived from both analytical and empirical models for predicting phase 
delay. 

The Loran-C lattices as tabulated in the tables or overprinted on the nautical 


chart normally include compensation for Secondary Phase Factor; the lattices over- - 


printed on nautical charts covering areas within the Coastal Confluence Zone (CCZ) 
may also include compensation for Additional Secondary Phase Factor, depending 
upon the scale of the chart, coverage area, gradient, and the magnitude of the correction. 

4340. Accuracy.—The repeatable accuracy (art. Q8) to be expected of a Loran-C 
fix for 1:3 and 1:10 signal-to-noise ratios is expressed in terms of 2d,ns (art. Q7) in 
figure 4340. The error is stated as 1,500 feet. The probability is given as 95 percent. The 


standard deviation of each of the two intersecting lines of position establishing the 


fix is 0.1 ys. 

The repeatable accuracy is affected by systematic and random errors (arts. Q3 
and Q4). The systematic errors are largely due to errors in propagation prediction 
(art. 4339). 

4341. Ranging mode.—With the user’s receiver appropriately modified to enable 
time measurements with respect to a local time reference, the Loran-C system can be 
operated in the ranging or Range-Range mode, which is discussed in more detail in 
article 4304. 

4342. Loran-D, designed for military tactical use, is a lower power, shorter range 
version of Loran-C. Since the stations are readily transportable, the system provides 
the potential for filling any gaps in the higher power Loran-C coverage. 

4343. The U. S. Coastal Confluence Zone (CCZ) as defined by the National Plan 
for Navigation, promulgated by the Secretary of Transportation, is that area of water 
extending outward from the shore for 5C nautical miles or to the 100-fathom curve, 
whichever is farther from the shore. The inner boundary is the harbor entrance. It is 
the area where transoceanic traffic converges and interport traffic exists. 

After extensive study, the U. S. Coast. Guard recommended and the Secretary 
of Trensportation approved in 1974 the selection of Loran-C as the government 
sponsored navigation system for the CCZ. 

Within the limits of the CCZ, users of “true”? Loran-C receivers (art. 4335) 
should obtain a repeatable accuracy (art. Q8) of 0.25 nautical mile with a probability 
of 95 percent. That is, only 1 fix in 20 should deviate from the mean of a large number 


| 
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of positions that could be established by the Loran-C system at a given place and 


time by more than 0.25 nautical mile. 
Loran-C coverage in the CCZ as planned in 1977 is shown in figure 4343. 


Decca 
4344, The Decca Navigator System, commonly referred to as Decca, is a short to 
medium range hyperbolic radionavigation system which utilizes phase comparisons of 
low frequency (70-130 kHz), unmodulated, continuous-wave transmissions to provide 
fixes of high accuracy. The simplicity and speed in fixing is an important characteristic 


of the system. A fix can be obtained in less than 1 minute by reading two relevant | 


position coordinate values indicated by two of the three coordinate meters of the 
receiver and then referring them to the appropriate navigational chart overprinted 
with the Decca lattice. 
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7930-2 GROUNDWAVE TO SKYWAVE CORRECTION GI 
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Figure 4338d.—Special groundwave to skywave correction table. 
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&00SW 

12¢30 35.0" 
43-50 05-8" 
149.1" 36-08 
Quelw 05.6" 


13630 34.30 
41-78 O2e8W 
O9-4w 29.5" 
36030 56-0" 
02-3" 21650 


27.50 8601" 
51-6 09-9" 
iSe2" 32084 
37-80 Seote 

5 oS 15.68 


6 20 8 360lW 
45 80.9" 55.78 
4S 00-6" 19.88 
G8 20-50 33.78 
83 4O.aW 30; 43 83 52.6" 


4&7 OL.ON 
47 36 14) 47 3962N G2e1N 
48 13.6N 16.2N 
IX 48 6108N 4B S802 4605N 
49 OBeIN 49 11.0N 13.1N 


49 3201N 49 3%.0N 36.0N 
4&9 3723N 49 3902N Sl.in 
4&9 §203N 49 44.2N 46.0N 
49 &T7.0N 49 4B.9N 50.8N 
49 S1le6N 49 53.4N 55,28 


49 56,9N 49 ST2IN S9e4N 
50 000N 50 O1.7N 03.5N 
50 0329N 50 05.6N OT.4N 
59 OT7.6N 50 09,3N 11.04 
50 11.0N 50 1257N 14.4 
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50 14.3N 50 15.9N LT.7N 
59 LT.4N 50 19.04 20,74 
59 2002N 50 21.9N 23.6N 
50 2208N 50 26054 2602" 
50 2503N | $0 27.0" 28.7N 
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Fioure 433§c.—Extracts from lattice tables. 
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Developments of the Decca Navigator System used for special applications such ; 
as in narrow channels are not discussed in this chapter. 

Like other hyperbolic systems, the Decca Navigator System is continuous, passive, | 
and non-saturable. 

4345. Decca chains.—Each of the several Decca chains usually consists of four j 
transmitting stations operating in three pairs: master/red slave station, seteneieee | 
slave station, and master/purple slave station. The slave station of the pair is so called 
because its function is to transmit a signal harmonically related and having e fixed 
phase relationship with the master signal. Each slave station is located about 60 to}. 
120 nautical miles from the master station. Information on each of the several Decca | 
chains established by the Decca Navigator Company Limited is presented in The} 
Decca Navigator Operating Instructions and Marine Data Sheets, published by that | 
company. 

4346. Decca Navigator System principles.—For the discussion of Decca here, let | 
us assume that two transmitting stations, master station A and slave station B, sepa- 
rated by a distance S, known as the baseline, simultaneously radiate a pure continuous 
wave of frequency f, and that at any point in the area of coverage of these stations, 
both transmissions can be received separately and their phases compared. i 
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Let us also assume that the phase of the wave transmitted from B is so adjusted 
that at station A the two waves are in phase. 
Figure 4346a shows the relative positions of the two waves of equal frequency at | 
two successive instants. The continuous line shows the wave transmitted from A, and & 
ee the broken line the wave transmitted from B. 
It can readily be seen that: 
1. At master station A the two waves are always in phase and remain so at al 
points on the baseline extension to the left of A. : 
2. At slave station B the wave emitted by that station is and remains out of # 
phase in relation to the wave emitted by master station A. The same yase difference d - 
prevails as between these two waves at all points of the baseline extersion to the § 
Tight of B. 
3. Along the baseline between stations A and B, the points at which both waves § 
are in phase are separated by a distance equal to half the wavelength. ' 
If the length of the baseline (fig. 4346a) were equal to an integral number of half- 
wavelengths corresponding to the frequency f, at station B and at all points on the base- 
line extension to the right of that station, the two waves would always be in phase. 
Let us assume that such is the case for the pair of stations shown in figure 4346b, 
and that the earth is a plane within the area of coverage. 
At any point Q, two fields exist simultaneously radiated respectively by A and B. | 
If we consider a point Q, in the bisector of the baseline, distance Q,1 is equal to distance . 
Q.B, and if the currents in the transmitting antennas A and B are in phase, it is clear ote 
that the two fields produced at Q, will also be in phase. At a point slightly to the ee ws 
of Q,, the distance to antenna A increases and that to antenna B decreases. The two | 
fields are therefore no longer in phase. The more the point is moved to the right of @;, 
the more the difference in phase increases. The phase difference may thus reach 360°, 
which is equivalent to a phase difference of 0°, and the two fields are once more in phase. 
This occurs in the case of a point Q, which is farther removed from A than from B 
by one wavelength. 1s 
If we now plot the !-yperbola having A and B as its foci and passing through | ae ae 
point Q:, al! points on the hyperbola (according to the actual definition of a hyperbola) 
will be one wavelength farther away from A than from B. Consequently, for all points 
on the hyperbola, both fields are in phase. 
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Figure 4346a.—Relative positions of two waves of equal frequency at two successive instants. 


If point Q; is two wavelengths farther from A than from B, the phase 4ifference 
between the two fields is 720° or twice 360°, i.e. 0° again. This is true for all points of 
the hyperbola passing through Qs. 

In practice the length of the baseline is not an integral number of wavelengths. 
The fixed relationship that the phase of the wave emitted by the slave station bears 
to that of the wave emitted by the master station is such that the waves are in-phase at 
the master station as shown in figure 4346a. Neither detail invalidates the basic principle. 

The fixed phase relationship is maintained by phase locking, i.e. keeping the fre- 
quency emitted by the slave station at a constant phase angle relative to the stable 
frequency received from the master station. 

Since it is impossible in practice to separate two waves of identical frequency at a 
receiver in order to measure their phase difference, as they would then combine into a 
single wave, recourse is made to a technical device which achieves the effect. of trans- 
mitting signals of equal frequency from the master and slave stations. The effect of 
having waves sent from both stations to arrive at the phasemeter on an identical fre- 
quency, free from interference or wave distortion, is achieved by assigning harmonically- 
related values to the two frequencies actually transmitted so that multiplying circuits 
in the receiver can derive from each a common harmonic, the comparison frequency. 
As shown in table 4346, the master station transmits a signal of 6f, the red slave Sy, 
the green slave 9f, and the purple slave 5/, where the fundamental frequency, f, which is 
not transmitted, lies between 14.00 and 14.83 kHz. Thus the master and red slave sig- 
nals are multipled to a common comparison frequency of 247. Geometrically the system 
functions as if the common frequency 24f were radiated from the two stations. The 
master-green and master/purple pairs function similarly by using the frequency values 
and multiplication factors shown in table 1346. 
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Ficure 4346b.—Hyperbolas defined by phase-difference measurements. 
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Tan.y 4346.—Transmission and comparison frequencies for a chain using a fundamental frequency 
of 14.166 kHz. The fundamental frequency f varies from chain to chain. The lane width 
on the baseline is for a propagation velocity of 299,700 kilometers per second. 


4347. The Decca lattice.—Each hyperbola of the Decca lattice overprinted on th? 


navigational chart in the color of its respective slave station is an in-phase or zero 
phase-difference hyperbola. The area between adjacent hyperbolas of zero phase differ- 
ence is called a lane. 
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Each hyperbola as charted is based upon a velocity of ,.: xpagation of the radio 
waves, assuming an all seawater path. As discussed in article 4339, an appropriate 
correction may be required when land intervenes. 

4348, Decometers readings.—Since the phase-measuring equipment is ensitive to 
phase differences of the order of 3° to 3°5, the number of hyperbolas that can be de- 
rived per lane is limited in practice to 100. Accordingly, the Decometer gives the 
fractional value of the lane in hundredths. Although the whole lane numbers are also 
given, the lane number must be initially set to the proper lane as established by other 
means. This is dus to the lane ambiguity associated with the phase comparison method. 
As the vessel moves from one lane boundary to another, the fractional pointer of the 
Decometer makes one revolution. 

The completa reading of the red, green, or purple Decometer consists of the 
Decometer color, the zone letter, the lane number, and the fractional value of the lane. 
The zone is a group of adjacent lanes used for lane identification purposes. Each zone 
contains 24 red, 18 green, or 3 purple lanes and is about 10 kilometers wide measured 
along the baseline. As is the case with the lane number, the zone letter must be initially 
set by manual means. 

Since the zones are about 6 miles wide on the baseline, about 20 miles wide at 
100 miles from the stations, and about 50 miles wide at the edge of the service area, 
there is seldom any problem in setting the zone indication on the Decometer. 

The lanes in each family of hype~bolas are numbered differently: red 0-23, green 
30-47, purple 50-79. These numbers recur in zones denoted by letters A to J. In cases 
where the maste: and slave are more than 10 zones apart, the zone lettering after J 
starts again at A. 

4349. Lane identification within a known zone is obtained by a process essentially 
the same as that of determining the fractional value of a lane. As the vessel] moves 
from one zone boundary to another, the lane identification pointer of the Decometer 
makes one revolution against a scale marked in lane numbers. 

The lane identification transmissions emitted by Decce chains are classified as 
V1, V2, or Multipulse (MP). Most Decea chains emit either MP only or MP and 
V2 combined; a few chains emit V1 or V2 only. Decca Mark V receivers car receive 
V1 or V2 transmissions only; Mark 12 receivers can receive both MP and V-type 
transmissions; and Mark 21 receivers can receive only MP transmissions. Thus, when 
operating within the coverage area of chains emitting V-iype transmissions, the users 
of Mark 21 receivers must ascertain the correct lane number by other means. 

At distances in excess of 250 nautical miles from the stations of chains employing 
MP lane identification and 150 nautical miles in the case of stations employing V-type 
lane identification, skywave c tamination may be of sufficient intensity to cause the 
lane identification meter to «function, resulting in lane slip. The effect is most pro- 
nounced at night or during the darker part of twilight. Lane slip or incorrect lane 
identification can also result from interruption or disturbance of the Decca trans- 
mission, incorrect initial + ferencing of the receiver, or from snow static or electrical 
storms. 

Any interruption or disturbanve 0 normal transmissions of Decca stations 
is broadcast as a Decca Warning by th > xt radio station in the vicinity. 

The Decca Navigator Operating Instructions and Marine Data Sheets provide 
comprehensive information on 'ane identification according to receiver type. 

In addition to providing initial lane identification within a known zone, lane 


identification provides an independent check on the lane counting process at any 
time. 
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4350. Chain numbers.—Each Decca chain is identified by a number from 0 to 10 3 
used to denote a group of basic frequencies and a letter of A to /’ used to denote one of = 
the six master frequencies in each group, except fur group 10 which contains the A, § 
B, and ( frequencies only. Thus, there are 63 frequencies available for use with the 
several chains of the system. Mark V receivers can receive only the A, B, or C frequencies 
in groups 1 to 9, whereas Mark 12 and Mark 21 receivers can receive all 63 frequencies. 
Details are given in Pubs. Nos. 117A and 117B, Radio Navigational Aids, and volume 
5 of Admiralty List of Radio Signals. 

4351. Inter-chain fixing is positioning by means of intersecting hyperbolas obtained 
from different multipulse type chains in situations where a better angle of cut is ob- | 
tained thereby. This method of operation is particularly advantageous at the longer 
ranges when the user is unable to resolve zone ambiguity. In such operation the reading 
from the second chain is obtained from the lane identification readout. Although the 
readout precision is only 0.1 lane, it is adequate for the purpose 

The reliability of the multipulse lane identification is the main factor permitting 
interchain fixing, since the method would not be feasible if, on switching to the second 
chain, the correct lane number could not be ascertained immediately. Special charts : 
overprinted with the appropriate pair of families of hyperbolas are available for certain | 
areas where there is overlapping coverage from multipulse type chains. The trans- ; 
mitters for the two chains are not phase locked, and therefore it is not possible to use 

ombinations of transmitters from the two chains to provide new families of hyperbolas. 2 

4352. Accuracy and coverage.—The repeatable accuracy (art. Q8) to be expected of 
a Decca fix in a particular coverage area is given in diagrams in The Decca Navigator 
Operating Instructions and Marine Data Sheets and NP 275(5a), an appendix to volume 
5 of the Admiralty List of Radio Signals. The accuracy is expressed in terms of dyms 
(art. Q7). The assumed standard deviation of each line of position is 0.02 mean lane. 
The probability is given as 68 percent. The diagrams in the Decca publication present 
the repeatable accuracy according to time and season. 

The repeatable accuracy is affected by both random and fixed (systematic) errors. 
The random errors (art. Q4) are largely due to skywave interference with the ground- 
wave, resulting in incorrect Decometer readings. The fixed errors (art. Q3) are largely 
due to errors in propagation prediction (art. 4339). The Decca lattice as overprinted on 
the navigational chart does not reflect compensation for differences in the conductivi- 
ties along the actual paths of the signals and the conductivity along an all seaws.ter 
path. Although the fixed errors are generally small, there are certain regions (e.g. 
certain coastal waters) where consideration should be given to them when fixing the 
vessel’s position. The Decca Navigator Operating Instructions and Marine Data Sheets 
include diagrams showing the known corrections which should be applied to the Decca 
readings. However, it should not be assumed that a fixed error does not exist when a 
correction is not given. The corrections as given on the diagrams may be too sparse to 
permit a valid assessment of the correction to apply to the Decometer reading. In such 
case not too much reliance should be placed on the absolute or predictable accuracy 
(art. Q8). 

The repeatable accuracy of the system ranges from a few tens of meters by day- 
time in areas where the geometry is favorable to a few nautical miles in the presence of 
skywave interference by night at the limit of the range. 

The coverage of a Decca chain is determined primarily by the effects of skywave 
contamination of the groundwave rather than factors of signal-to-noise ratio or system 
geometry, and varies with the low frequency propagation conditions characteristi¢ of 
different regions of the world. Ranges of 175 nautical miles by night and 350 nautical 
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miles by day may be taken as representative when the transmission paths lie over 
seawater. 

4353. Decca Track Plotter.—lIt is possible to use an automatic track plotter with 
the Decca receivers, displaying and recording the track made good as a pen trace. 
This enables the vessel to fullow any desired or intended track. 

The hyperbolic lattice is represented on a special chart as a rectilinear inverse 
lattice so that, for example, the pen moves in response to the red puvtern and the 
chart to the green. The pen therefore indicates the position of the vessel within the 

; lattice and ‘ices a continuous record of the track made good. Since the hyperbolas 
are represented as straight parallel lines intersecting at right angles, a certain amount 
of distortion occurs, but provision is made for reducing this distortion to an acceptable 
level. However, if a geographically straight track appears on the chart as a curve, 

ts steering the vessel so as to keep the pen on the curve will result in the intended track 
veing made good. 
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4354. Consol is a long range azimutha! radionavigation system of low accuracy 
operated primarily for air navigation. Although not sufficiently accurate for coastal 
navigation or making landfall, the system can be useful to the marine navigator as an 

: aid to ocean navigation. 

: A Consol station consists basically of a medium frequency (MF) radio transmitter 
, * with three antennas in line, equaliy spaced apart at a distance of the order of three 
times the wavelength of the transmitted frequency. The three antennas are fed with 
signals in such a manner that radial patterns of alternate dot and dash sectors are 
formed, separated by the equisignal, the whole pattern rotating through one sector 
SB width within a transmission cycle. An observer will therefore hear the equisignal 
E- between the dot and dash signals once per transmission cycle. A count of the dots and 
dashes will give the angular position within a sector. This sector has to be identified 

either by direction finding methods or some other form of navigation. 

Since the radial sectors are not formed close to the transmitting site, there is a 

- minimum range limitation within which the system cannot be used. This is usually 
- taken to be 25 to 30 nautical miles from the site. There is also a sector 30° on either side 
of the baseline extension which is not usable because of pattern distortion. 

The system is described as azimuthal even though it is basicaily a hyperbolic 
system. As discussed in article 4308, a system can be considered directional (azimuthal) 
beyond a distance of a few miles from the station if the baseline is very short. 

Sometimes Consol is classified as a radiobeacon because of the frequency of opera- 
tion and being azimuthal. 

A modified form of Consol called Consolan was developed 11 the United States. 

= In this system only two antennas are used. 
Z In the U.S.5.R. a further modification of Consol is in use. This system, called 
- BPM5, uses five antennas in the form of a cross to obtain. narrower dot and dash sectors. 

The mein advantage of Consol is that the signal can be received on a standard 
communications receiver. 

4355. The signal from the Consol transmitter consists of two parts, the transmission 
of the call sign, sometimes with a continuous wave signal, and the transmission of the 
rotating pattern (navigational period). The duration of the total transmitting cycle is 
not the same for all stations, but the navigational period has been standardized at 
30 seconds. If the call sign only is sent in addition to the navigational cycle, the total 
signal duration is 40 seconds. When the continuous wave signal is incorporated, the 
total signal duration is 60 seconds. The call sign and the continuous wave signal are 
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transmitted only from the center antenna in the Consol system. They can be used for 


coarse tuning or direction finding purposes. 


The signals can be received by any medium frequency receiver operating in the 
maritime radionavigation band and suitable for receiving Al telegraphy. The range 


and accuracy of the signal is affected by receiver selectivity, increasing as the selectivity 
increases, although above 100 Hz there is little increase in either range or accuracy. 


Some experience in the use of the system is found to be necessary to obtain the best © 


results, especially if the signal is weak or there is excessive background noise. 

Some special adaptors and receivers have been produced for use with the Consol 
system. These do aid in the counting of the dots and dashes. One such adaptor uses a 
meter indication in which dots give a deflection to one side of the center position and 
dashes give a deflection to the other side. An automatic Consol receiver displays a 


digital readout of the dot and dask count. This receiver can compensate, within certain . 


limits, for missing characters when the equisignal condition is masked by noise. 

4356. Method of use.—Procedures for using Consol and Consolan and the tables 
for converting dot and dash counts to true bearings from the station are given in Pubs. 
Nos. ‘17A and 117B, Radio Navigational Aids, and volume 5 of Admiralty List of 
Ra. Signals. These bearings must be corrected for conversion angle (tab. 1) before 
plovuug on the Mercator chart. 

Figure 4356 shows what the observer will obtain in the receiver, depending on his 
position within a dash or dot sector. At the beginning of the keying cycle, the equisignal 
lines will be as shown, with the dash and dot sectors on either side. During the naviga- 
tional period, these lines will rotate as shown, pushing the various sectors in front of 
them. There are 60 dots or dashes in each sector. 

Consider first an observer at P,; within a dash sector. As tue pattern rotates a num- 
ber of dashes will be heard before the equisignal condition. As the pattern cc tinues to 
rotate, the equisignal will resolve into dots. By counting the number of dashes, the 
angular displacement from the equisignal line Z, can be obtained. 
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Fiaure 4356.—Signal reception. 
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Figure 4357.—Fixed equisignal curves at close range. 


é Then consider an observer at P; within a dot sector. As the pattern rotates, a num- 

~ ber of dots will be heard before the equisignal, followed by a number of dashes. In this 
case, the count of the number of dots will give the angular displacement with respec: to 
the equisignal line Z;. 

Due to the fact that the dots and dashes merge into the equisignal, it is difficult, 
in the equisignal, to distinguish between the dot and dash ‘ignals. In theory the tetal 
number of dashes and dots heard by the ovservers at P; and P; should in each case be 

- 60. In practice this is not the case, there being a period of confusion around the equisignal 
time. In order to obtain an accurate assessment of the true count, the totel number of 
dots and dashes heard during one navigational period is subtracted from the theoretical 
total count, that is 60. Half the resultant figures is then add. | to the original count of 
dots or dashes. 

As an example, take the case where the theoretical dash count should be 25, but 
the actual count is 23 followed by a dot count of 33. This gives a total dot and dash 
count of 56. This is subtracted from the total theoretical count of 60 giving a figure of 4. 
Half this, 2, is added to the dash count of 23 to obtain the assessment of the true count 
of 25 from the equisignal line. This count is then referred to a Consol chart of tables 
to give the bearing from the station within the dash sector. The sector itself is identified 
either by radio direction finding or other navigational means. 

4357. Accuracy.—The number of dot and dash sectors, and therefore the accuracy 
of the Consol line of position is dependent on the baseline length, nd, between the 
inner and each outer antenna. Since the wavelength is fixed for each station, the number 
of sectors will therefore depend upon n. For any given value of 7, there will be 8n 
equisignal lines in the full 360° coverage. For practical purposes the value of n is 
usually taken as three: In this case the equisignal lines will be at angles of 0°, + 9°6, 
+1995, 430°, +41°8, and +90° from the norma! to the baseline through the center 
antenna. In the last sector on each side, about 34° wide, the rotation speed of the 
equisingal line is not constant, especially at the beginning of the navigational cycle 
when it will be a maximum. The readings in these sectors are therefore normally taken as 
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unreliable. In the remaining sectors the widths vary from about 16° to about 14°, with 
an average of 12°. Hence, if there are 60 dot and dash elements in each sector, the 
resolution will be 12°/120=0°1. By increasing 2, the number of wavelengths in the base- 
line, the width of the unuseable sector is reduced and the resolution accuracy increased. 
The minimum distance below which the system cannot be used is due to two 
factors, the presence of fixed equisignal curves (fig. 4357) and the fact that at close 
range the equisignal lines are hyperbolic rather than radial or azimuthal. For the i 
first factor it can be shown that where n (in wavelengths) is distance between the i 
center an‘ outer antennas, and A 1s the wavelength, the minimim distance js given by 


1677-1 
p=(“E—)» 


Ilence, if n is 3 and » is 1 kilometer, D is 18 kilometers, so that at 20 kilometers and 
above, the fixed equisignal lines will not adversely affect bearings. 

For the second facter or the case where the hyperbolas have not yet become 
asyinptotic with the radiel lines, the error in bearing is given by 
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where @ is the bearing. The bearing error ¢ always has the same sign in each quadrant 

as the error is always on the same side of the radial line. The error is maximum when 4 

ve bearing 9 is 45° from the perpeudicular bisectors. Table 4357a gives some values for § 
the errors for different ranges and different bearings. : 
Table 4357 shows that the error is reduced with increase in range. At 50 kilometers 4 

the mean error is 2 minutes of arc; however, at the higher angles, this will be increased 3 
te 3 minutes of arc. When this error is combined with the minimum resolution error of 
0°1, the minimum error becomes § minutes of arc. This minimuin error will vary with @ 
the observer’s position within the sector and his range and bearing from the station. § 
This error is due entirely to the system itself, and will be the minimum system error. § 
There are other factors which will affect the accuracy of the measured bearing. “ 








Distance Errcr in minutes of arc for angle of Mean error in 
OO OOO useable sector 
(km) 0° 15° 30° 46° 60° (minutes of arc) 
20 0 10 17 19 17 12 | 
30 0 4 7.5 8.5 7.5 4.5 bP sie gt 
40 9 2 4 5 4 2.5 | : 
50 0 1.5 3 3 3 2 | . Be 
60 0 1 2 2 2 1 i : ¢ 
70 9 1 1 1.5 1 1 \ oe 
80 0 1 1 1 1 1 : 
he ¥ 
Tani 4357a.—Values of error for different ranges and different bearings. | ? 
The overall accuracy of the system is dependent on a number of factors in addition : a 
to the system errors described above. These include asymmetrical phasing errors in the | ; nee 
signais from the inner and outer antennas, phasing and amplitude errors in the signals | a 
from the outer antennas, propag*tion errors, and incorrect functioning of the receiver. 
Phasing errors affect the width of the equisignal zone or its position, but these errors Se 
. are normaly corrected by a monitoring station. : Be 
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Propagation conditions can introduce errors which cannot be corrected at the trans- 
mitting site. These are the errors which have the most effect on bearing accuracies. 
These errors can include: 

1. those caused by a curved propagation path, giving a fixed bearing error; 

2. those caused by a difference in propagation conditions between the outer an- 

_ tennas and the angular error which increases with bearing; and 

3. those due to phase uifrerences in groundwave and skywave path lengths. 

At any receiving point, it is the stronger of the groundwave and skywave signals 
that will be detected. During daylight groundwaves predominate up to a range of about 
150 nautical miles, while skywaves predominate at ranges greater than about 500 nauti- 
cal miles. Between these two ranges is an area where skywave errors could cause prob- 
lems. 

In addition to the signal errors, it is also possible for the receiver on the vessel to 
introduce errors. If a loop antenna is used and it is set > a minimum signal condition 
as may be used for obtaining a direction finder bearing using the first part of the trans- 
mission, and readings are then taken during the navigational period of the transmission, 
large errors could result since the groundwave signal would be at a minimum while the 
skywave signal would be at 2 maximum, thus “swamping” the groundwaves. Therefore, 
it is essential that either the loop antenra be aligned for maximum signal during the 
navigational period or that a vertical antenna be used. 

An automatic gain control in a receiver can cause difficulty in determining the 
equisignal. This determination is based upon the relative magnitudes of the two signals, 
while the function of the automatic gain control is to equalize the signal amplitudes if 
possible. Therefore, the observer should insure that the automatic gain control is not in 

‘ operation during the period of counting the dots and dashes. 

In general it is found that the beuring error increases with range, both day and 
night. The systematic errors are usually small except over rough ground. Skywave 
systematic errors, although large at sine ranges, are usually smaller than the random 
errors. Table 4857b shows typical random errors of count under different conditions. 
The probability is given as 95 percent. 


i ae 








Day range (nautical miles) Night range (nautical miles) 
Over land Over sea 9-150 250 350 450 Over 550 
4 2 2 8 14 10 4 


TaBLE 4357b.—Typical random errors of count under different conditions for a probability of 95 
percent. 


~ 


Table 4357c shows the 2 ¢ (art. Q6) errors of Consol lines of position. 





¢ 
Day range (nauticol miles) Night range 
(nautica: miles) 
_ ale Angle from normal Over sea Over land 300- 








—_——— 100 1069 1500 
260 500 1000 250 500 


ecwecees wen weneen eu rennet 8 an EE net Sen ETN St LEONE NAN NAST eA TOE Em BAY 
; 
» ‘ » 
i ‘ rs , 
‘ ; 
: ' 


‘ On normal 1.5 3 6 3 6 0.5 10 18 ~ 
L. 60° 3 6 12 6 12 1 2 3©=—-36 
75° 6 12 24 12 94 2 40 72 








TasLE 4357¢c.—Errors of Consol lines of position in terms of 2 ¢. 
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If a number of counts are taken sequentially and-the mean value is used to obtain | 
the bearing, the error should be less than shown.in table 4357c. 

4358. The operational range of the system is a function of the power transmitted | 
from the three antennas. The total power from the transmitter is divided among the : 
three antennas during the navigational period, the power from the center antenna being | 
greater than that from the outer antennas by a factor of &. This factor then has an 
influence on the range. However, as & is increased the available power from the outer 
antennas is decreased, making it more difficult to count the dots and dashes in the 
presence of noise. For optimum operation of the system, the factor & is normally four. 

The distance at which the signals can be used properly depends on propagation © 
conditions as well as the ratio of signal te outside interference or to receiver noise. 

Figure 4358 shows the field strength at different ranges in the case of a 1 kW, 275 kHz 
transmitter. Curves a, b, and ¢ refer to groundwave propagation during daylight 
hours when skywaves at this frequency are heavily absorbed in the upper atmosphere. 
At night, however, the skywaves are reflected and can be received at great distances. 
It is much more difficult to pre-lict field strengths under these conditions as the reflected 
waves are subject to variable absorption. However, curve d shows a typical mean level. . 
It can be seen that, except at short ranges, the skywave signals received at night are * 


in general stronger than the groundwaves received during the day. \ 
The operational range of a Consol station depends not only on its output power | * 
and the time of day, but also on the receiver noise figure and outside interference levels. § 
As an average, the maximum range is considered to be between 500 and 1,200 nautical § 
miles by day and between 900 and 1,500 nautical miles by night. i 
10000 
1000 
i 
a 
yim @) 
10 
(c) 
b) 
i (2) 


100 200 300 400 500 600 700 800 900 1000 1100 
Nautical Miles 


Figure 4358.—Typical field strength curves. 
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CHAPTER XLIV 
SATELLITE NAVIGATION 


4401. Introduction.—The Navy Navigation Satellite System (NAVSAT) is the 
operational satellite navigation system of the United States. It is all-weather, world- 
wide, and passive. The system’s accuracy is better than 0.1 nautical mile anywhere in 
the world, on land and sea. It is available to all civilian users of the world. The system 
is used primarily for the navigation of surface ships and submarines; it has some applica- 
tion in air navigation. It is also used in hydrographic surveying and geodetic position 
determination. The system is also known as TRANSIT. 

The NAVSAT systeta utilizes the doppler shift of radio signals transmitted from 
the satellite to measure the. relative velocity between the satellite and the navigator. 

. Knowing the satellite orbit precisely, the navigator’s absolute position can be accurately 
~ determined from this time rate of change of range to the satellite. The satellites also 
transmit timing signals which provide time automatically. Frequency accuracy is 
; better than one part in ten billion for_precise determination of the doppler shift; the 
time is given in Coordinated Universal Time (UTC) to within 200 microseconds. 
NAVSAT was conceived and developed by the Applied Physics Laboratory of the 
_ Johns Hopkins University for the U.S. Navy. The operation of the system is under the 
control of the U. S. Navy Astronautics Group with headquarters at Point Mugu 
California. , 


System Configuration and Operation 


4402. The Navy Navigation Satellite System (fig. 4402) consists of a constellation 
of orbiting satellites, a network of tracking stations that continuously monitor the satel- 
lites and update the information they transmit, and any number of user equipments 
composed of receivers and computers. 

Each navigation satellite is in a nominally circular polar orbit at an altitude of 
450 to 700 nautical miles. The orbital planes of the satellites intersect at the earth’s 
axis of rotation and are spaced apart in longitude. Thus, the orbital paths cross at 
the North and South Poles (fig. 4402b). Although the orbital planes remain nearly 
fixed in space, the satellites appear to traverse the longitudinal meridians as the earth 
rotates beneath them. Thery are usually five satellites operating in the system, and 
these provide navigation fixes anywhere on the earth on nearly an hourly basis. Five 
satellites in orbit provide redundancy; the minimum constellation for system opera- 
tion is four. This redundancy allows for an unexpected failure of a satellite and the 
relativély long period of time desired to schedule, prepare for launch, and orbit a re- 

“hat placement satellite on an economical basis (not an emergency basis). This redundancy 
also provides for turning off a satellite when (on. rare occasions) its orbital plane pre- 
cesses pear another satellite’s plane, or when the timing (phasing) of several satellites 
in their orbits are temporarily such that many satellites pass nearly simultaneously 
near one of the poles. 

Each satellite orbits the earth in approximately 108 minutes. Throughout its 
useful life, each satellite continuously transmits the following phase-modulated data as 
two messages on two radio frequency carriers (150 and 400 kHz): (1) two-minute. mark 

synchronization signals, (2) a 400 Hz audible “beep” signal, and (3) fixed and variable 
om x2 parameters describing its own orbit. The fixed parameters describe the satellite’s 
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Figure 4402b.—Satellite orbital distribution. 


approximate orbit and typically are used only for a 12- to 16-hour interval. The variable 
parameters describe the fine structure of the orbit as a function of time and are correct 
only for the time at which they are transmitted by the satellite. Thus, the satellite 
memory stores sufficient variable parameters to describe the orbit at 2-minute intervals 
between subsequent injections of daia. Each transmission is timed so that the end of 
the 78th bit of each 2-minute message (the last bit of the synchronization signal), 
coincides with the integral 2 minutes of UTC. Thus, the satellite transmissions also 
suave as an accurate time reference for ail navigators. ; 

All data transmitted that does not change, such as synchronization and identifica- 
tion signals, etc., are “wired” into the satellite memory. All data that changes with 
time, such as the orbit parameters and the locations of the other satellites, are replaced 
at 12- to 16-hour intervals by a transmission from an injection station. 

To determine accurately its present and future orbit for the 12- to 16-hour interval 
after data injection, each satellite is tracked as it passes within radio line-of-sight of 
each of the four fixed tracking stations. The tracking stations are located in Hawaii, 
California, Minnesota, and Maine. Each station includes equipmeats which receive 
and decode the satellite transmissions, and a directional antenna that is programmed to 
automatically point toward the satellite throughout the duration of the pass. The 
antenna directivity offers an additional measure of discrimination against spurious 
signals from local transmitters and ensures tracking of the selected satellite during those 
instances when two satellites converge within radio line-of-sight. 

Programming data for pointing the station antennas either originate at the central 
computing center and are routed through the control center to the tracking station, or 
are Jocally derived at the tracking station. Just before the satellite time-of-rise, the 
antenna at the tracking station is poiuted to acquire the satellite signals. As the satellite 
rises above the horizon, the siutenta continues to follow the pass, enabling the frequency 
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tracking loop of the radio receiver at the station to “lock onte” the signals. The receiver 
and data processing equipment decode and record the statellite message. The doppler ‘ 
signal is digitized and sent with satellite time measurements, via the control center, 
to the central computing center. 

The central computing center continually accepts satellite data inputs from the 
four tracking stations. Periodically, to obtain the orbital parameters for a satellite, the 
central computing center computes an orbit for each satellite that best fits the doppler 
curves obtained from all tracking stations. Then, using the computed orbital shape, 
the central computing center extrapolates the position of the satellite at each integral 
2 minutes in Coordinated Universal Time fer the next 12 to 16 hours subsequent to 
data injection. The data, together with commands and time correction data for the 
satellite, and antenna-pointing orders for the injection station antennas, are supplied 

2 to the three injection stations located in California, Minnesota, and Maine via the con- 
trol center. ‘ 

‘he injecticn stations, after receiving and verifying the incoming message from , 
the central computing center, store the message until it is needed for transmission to | 
tire satellite. Just before a satellite’s time-of-rise, the injection station antenna is pointed | 
to acquire, “lock on”, and track the satellite throughout the pass. As soon as the re- 
ceiving equipment at. the injection station receives and locks onto the satellite signals, 
the injection station transmits the new injection data and commands to the satellite. 

: Transmission to the satellite is on a frequency different from those used by the satellite, 
’ and the bit rate is much higher; thus, injection is completed in a matter of seconds an 
does not disturb use of the satellite for navigation. 

The next integral 2-minute transmission by the satellite during the pass contains 
part of the newly injected data. In the injection station, this read-back is compared 
with the data that the satellite should be transmitting as a check for injection errors. 
Because most of the newly injected data (the variable parameters) will not be trans- 
mitted until the appropriate time during the satellite orbit, the initial read-back from 
the satellite includes parity check data. These data provide for error detection of the 
variable parameters so that the injection station can verify that the parameters were 
received correctly. If no errors are detected, injection is complete. If one or more errors 
are noted, injection is repeated at 2-minute intervals (updating the variabie parameters | 
as necessary) until the satellite transmission is verified as being corzect or until the sat- | 
ellite is no longer available for data injection. t 

Once data injection is complete, the satellite continues to transmit its normal ' 
2-minute messages. Any time corrections for the satellite clock and any commands for 
the satellite (such as changeover to the standby oscillator, cease transmission, etc.) } 
also are performed during the period of data injection. These precautions ensure that _ 8 
the navigation equipment, which depends on accurate satellite data for detcrmining its “a: 
position, is provided the best possible data from each satellite. Any time that the satel- 
lite is within radio line-of-sight of the navigation equipment and has 2 maximum ele-- 

aor vation ut time of closest approach between 15° and 75°, the satellite transmission can 
be used to compute the exact position on earth of the navigator, although good data can : 
be received frequently when the satellite is not within these elevation requirements. . ; 

4403. Navy Navigation Satellites are launched into nearly exact polar orbits from | 
Vandenberg Air Force Base, California by four-stage, solid-fuel Scout rockets (fig. 4403).! 
These polar orbits are nearly circular at altitudes of 450 to 700 nautical miles. The ' 

orbits are circular in order to attenuate acceleration and deceleration characteristics of 
elliptical orbits, and polar to reduce the precession of orbital planes which results in ®*-._ 
eventual c erlap. 
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Courtesy of Applicd Paysics Laboratory, 
HAR ns Hopkins University. 


Figure 4403.—Scout launch of Navy Navigation Satellite. 


Although successive models may differ, each satellite contains: (1) receiver 
equipment to accept injection data and operational commands from the ground, (2) a 
decoder for digitizing the data, (3) switching logic and memory banks for sorting and 
storing the digital data, (4) control circuits to cause the data to be read out at specific 
times in the proper format, (5) an encoder to translate the digital data to phase 
modulation, (6) ultrastable 5 MHz oscillators, and (7) 1.5-watt transmitters to broad- 
cast the 150- and 400-MHz oscillator-regulated frequencies that carry the data to earth. 
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4404. Configuration.—The satellites (sometimes called operational or Oscar satel- 
lites) weigh 140 pounds and have their antenna and solar cell panels configured for a 
nominal circular polar orbit at an altitude of about 600 nautical miles. Each satellite 
is an octagonal cylinder 18 inches wide and 12 inches high, and has four solar cell panels 
that extend from four of eight faces (fig. 4404). These four panels fold down around the 
fourth stage of the Scout rocket during launch, and are held by wires which also serve as 
a “yo-yo” despin mechanism afte: the fourth stage has fired. When released, the blades 
are erected into the position shown by swinging “door hinges.” Subsequently, the 
external configuration is modified by extending a 100-foot boom from the top of the 
satellite. The boom has a 3-pound weight at the end in order to achieve gravity-gradient 
stabilization, so that the bottom of the satellite containing the antennas Alveys points 
toward the ground. 

4405. Stabilization—The operational satellite and the last stage of the Scout 
rocket are despun soon after achieving orbit by the yo-yo technique (art. 4404). The 
yo-yo immediately reduces the spin to a few percent of the spin rate of the fourth stage 
(spin-stebilized) Scout rocket. This small residual spin is removed by incorporating 
long, thin rods of a magnetic material which exhibit substantial magnetic. hysteresis 
in the solar panel blades. These hysteresis rods are inductively magnetized by the 
carth’s magnetic field in alternate directions as the satellite spins. The hysteresis loss 
involved in this process takes energy from the satellite rotation and shows up as heat 
energy in the rods. This process slows the rotation rate to zero within less than a day. 
When the spin rate reaches zero, an electromagnet is activated along the vertical axis 
to align itself with the earth’s magnetic field line. The hysteresis rods in the solar cell 
blades provide damping for the resulting magnetic attitudes stabilization. Within 





Fraure 4404.—Navy Navigation Satellite. 
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another day, the librations (oscillations) of the satellite about the local magnetic field 
have damped out sufficiently so that the satellite axis is always within 10° of the local 
nh agnetic field direction. 

As the satellite passes over the north magnetic pole, it is vertical, with tie bot- 
tom side of the satellite pointing toward the earth. At this point a command from 
the ground turns the electromagnet off, and the 100-foot boom is extended. Thus, 
during its time in orbit, the satellite always points its antennas toward the earth. This 
attitude is maintained because of the difference in the level of gravity at the satellite 
and at the end of the boom. In this “gravity-gradient” stabilization mode, the hysteresis 
rods provide enough damping to bring the librations below 10° within a day or two. 
This orientation makes it possible for the satellite to send most of its transmitted power 
towe.d the earth, and for circular polarization to be used so that no loss results from 
Faraday rotation in the ionosphere. In addition, the transmitter antenna shapes the 
beam so that more power is transmitted at large angles, so that at any moment the 
received power anywhere above the satellite’s horizon is about the same. 

4406. Power and thermal design.—The power system is based on solar cells that 
charge a set of sealed nickel-cadmium batteries and provide power during the dark 
portion of eacn orbit. The solar cells initially provide 30 watts of power when the satel- 
lite is launched. After 5 years of exposure to the radiation present in the space enviion- 
ment, 25 watts are still available, whieh ss sufficient to power the satellite. A major 
problem with near-earth sateilite “esign is caused by the variation in sunlight as the 


_ orbit plane precesses with respect to the terminator. A polar satellite near the earth 


has two extended periods each year during which the satellite is continuously in sunlight. 
This is often referred to as the dawn orbit since it corresponds to the time when the 
satellite passes overhead at approximately local sunrise (and, of course, sunset). At the 
other extreme, there are two periods each year during which the sun is nearly in the 
orbital plane; during this period, the satellite is in darkness for 33 percent of each 
orbit. This is known as the noon orbit becatise the satellite passes overhead near the time 
of local noon (and, of course, midnight). The satellite design assures that both the 
thermal balance and the power balance are accep. ble under these two extreme 
situations. 

For a gravity-gradient stabilized satellite, it is true that when the sotellite is in 
con ».ant sunlight (dawn orbit) the sun always “locks” at the side of ti. satellite whereas 
for uhe minimum sunlight cuse (noon orbit) the sun “locks” at the top and part of the 
edge of the satellite. Accordingly, by carefully choosing the ratio of the top area to the 
projected area of the sides, tre total thermal input during a f-'l orbit is approximately 
the same in both the dawn and noon orbits. Similarly, by canting the antenna blades 
on which the solar cells axe mounted to the proper angie, the total power input from the 
solar cells is made approximate.; the same in both the dawn and noon orbit cases. 

In the operstional satellite the use of this technique has made it possible to provide 
automatic temperature control that is accurate to a few degrees by means of ther- 
mostats and heaters and, further, to have acceptable temperature limits even if the 
automatic temperature control system fails. 

4407. Packaging techniques.—The operational! navigation satellites are relatively 
simple fromm a mechanical standpeint. There are no tape recordets or television cameras 
and, in fact, no moving parts other than command relays, which are operated very 
irfrequently. However, they do contain some 35,000 magnevic (memory) cores anc 
6,200 other electronic components. In order to reliably package this equipment within 
140 lbs (a Scout roch ot compatible payloa !), it is necessary to use modern packaging 
techniques. Welded “cordwoo:” construction with a package density of 50,C00 parts 
per cubic foot is used wherever applicable. Of the 46,000 permanent electrical joints 
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in the elecwonics, 40,000 are welds and only 6,000 are solder connections. Generally, 
except in telemetry functions which can be lost without destroying the operational _ 
usefulness, redundant wiring and redundant solder connections are used. |. he use of - 
mechanical connectors (plugs) in electrival circuits is kept to an absolute minimum, 
aud, where plugs must be used in critical circuitry, complete redundancy is provided. 

In most places where plugs would normally be used, wire-wrapped connections are 
used. 

4408. Memory organization——The information on satellite position required for 
navigation is stored in a magnetic core memory and transmitted as phase modulation 
on the two basic stable frequencies used to generate the deppler shift. The modulation 
pattern is quite symmetrical so as not to introduce an error in the measurement of 
doppler. ‘The specific modulation patterns that are to L: interpreted as “zero” or “one” 
are shown in figure 4408. 

The memory which is read out every 2 minutes, contains 156 words of 39 bits 
each, plus an additiunal 19 bits. ‘The great majority of these words are »ot required for , 
navigation but disseminate other information. The first two words are simply a fixed | 
pattern of “zeros” and “ones” used to recognize the start of a message and to establish | 
synchronization of the ground equipment with the satellite transmissions. Thereafter, { 
the words with specific signifirance for navigation are a total of 19 words divided into | 
2 sets, an initial set of 8 so-called “ephemeral words’’ (consisting of word numbers 8, i 
14, 20, 26, 32, 38, 44, and 50) and . set of 11 fixed parameters that are changed only 

{ 


by injection. . 

Because of the departure of the earth’s gravity field from that of an ideal spheroid, 
atmospheric drag, solar photon pressure, attraction by the sun and moon, etc., the 
satellite orbit cannot be given accurately by algebraic equations. However, there is an 
algebraic description using 11 orbit parameters which affords a good approximation 
and is simple to compute in navigation equipments. The deviations of the actual orbit 
from this 1 1-parameter algebraically descr?bed orbit are small and require relativelv little 
satellite memory to store a complete set, each 2 minutes for 16 hours. The appropriate 
deviations of the actual orbit are transmitted each integral 2 minutes of UTC and are 
the eight ephemeral words mentioned above. 

After injection, the main memory is simply read out serially every 2 minutes 
until a new injection takes place—all main memory words being unchanged during the 
interval between injections (usually about 12 hours). However, the ephemeral words 
must be advanced on every 2-minute memory readout, and are not stored in the main 
memory. Specificaliy, consider the memory readout that lasts from ¢ minutes to +2 
minutes. The eight ephemeral words will contain the orbit deviations appropriate to . 
the times {—6, i—4, t—2, ¢, +2, t-+4, t+6, and £+-8, respectively. Thus, on each suc- 
cessive readout, the ephemeral words are moved upward (advanced) so that word 
number 8 in the previous readout is discarded and replaced by the previous word 14, 
the old word 14 is replaced by the old word 20, etc., and fnally a new word 50 is trans- 
mitted. This new word is transferred from a separate memory in the satellite known as 
the ephemeral memory, which is filled at the time of injection. On each memory readout, 
a single 39-bit word is ‘transferred across’ to fill word 50 in the main memory. The 
ephemeral memory contains 480 words, and since a fresh word is used every 2 minutes, 
the ephemeral memory is used up in 480X2=960 minutes, or 16 hours. Thus, 2 new j 
injection must be made witha 16 hours to prevent the ephemeral memory from running 
out. [t should be noted that each word in the ephemeral memory is read out 8 succes-' “ 
sive times, first as word 50, then as word 44, etc., fin lly as word 8 and then is discarded. 
Notice also that a single 2-minute memory readout gives orbit information for a full , 
14-minute interval, spanning the time of readout symmetrically. ; 
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ADVANCE 60° 


PHASE 0° 
RETARD 60° 


}<=———— 20 ms 


THE PHASE GF THE DOPPLER SIGNAL IS ADVANCED 
AND THEN RETARDED TO REPRESENT ONE POLARITY: 
RETAROED AND THEN AOVANCED FCR THE REVERSE 
POLARITY. EACH HALF-BIT IS TRANSMITTED TWICE, 
THE SECOND TIME IN REVERSE POLARITY. 


“y" @ AOVANCE RETARD SPACE “O" RETARD ADVANCE SPACE 
RETARD AOVANCE SPACE ADVANCE RETARD SPACE 


BIT RATE *& SO/SECOND 


Ficure 4408.—Phase modulatic.. waveforms. 


4409, Timing.—Tho orbit readout rate is controlled by counting down from the 
basic stable oscillator. However, in spite of the excellent stability of the satellite 
oscillatcr, there are long-term drifts that slowly change the basic oscillator frequency 
during the life of the satellite. Thus, to keep the memory readout period accurate at 
integral 2 minutes of UTC, it is necessary to modify the countdown of the oscillator. 
This is done by using the special bit of each 39-bit word in the main memory as a signal 
to determine whether or not to suppress a single count ir the countdown process. This 
is done at a point where a single count has a value of 10us. Thus, a total variation of 
156 X 10us= 1.56 ms in cach 2 minutes is available. With only this level of adjustmens, 
time correction may not be sufficient for a 12 hour period. Thus, a fine adjustment is 
available by inse.ting an appropriate covat suppression signal in the ephemeral 
memory. Each ephemeral memory correction bit is used only once and then discarded. 


Use of the System 


4410. Equipments developed for Navy Navigation Satellite System use include 
the AN/BRN-3, AN/SRN-9, AN/WRN~5, and AN/SRN-19 radionavigation sets. 
The AN/PRR-14 Geoceiver was developed for using NAVSAT for geodetic position 
determination. 


AN/BRN-3 Radionavigativa Set 


4411. AN/BRN-3 Radionavigation Set was developed and deployed in the 1960's 
as a result of several programs and U.S. Navy contracts. Active development. of major 
units was initiaied by the Applied Fhysics Laboratery of The Johns Hopkins University 
in late 1960, with requests for technical proposals from industrial suppliers. In about. 
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1 year the first prototype had been developed, tested, and delivered to the Applied 
. Physics Laboratory to be used in the development of the total Navy Navigation 
Satellite System, and to be used as a standard for procurement control of follow-on 
prototype and production units. By 1964, the total system had matured and was 
operational with regular service being provided to the fleet ballistic missile (FBM) 
submarine forces while on patrol. 

The AN/BRN-3 is a complex, multi-unit radionavigation aid whose purpose is to 
compute accurate ship’s position using satellite orbital data and measurements of 
doppler shift to the received satellite reference signals. ‘The position data are provided 
to the Navigation Control Console (NCC) via the Navigation Data Assimilation 
Compucer (NAVDAC) for the calibration and adjustment of the Ship’s Inertial 
Navigation System (SINS) so that continuous navigation is possible with accuracies 
sufficient for POLARIS or POSEIDON fleet ballistic missile (FBM) targeting. All 
units are designed for the special military environments prevailing in the FBM sub- 
marine application. 

During the production years the Sperry Rand Corporation was designated the 
prime contractor for AN/BRN-3 procurement, deployment, and maintenance in the 
fleet. Applied Physics Laboratory of The Johns Hopkins University was retained and 
contin‘ies to provide technical services. The principal components of the system are: 
(1) radio receiver and RF amplifier/power supply, (2) RF antenna, (3) data processor/ 
computer, (4) tape punch and reader or magnetic tape unit, and (5) typewriters. Figure 
4411a shows a typical FBM submarine installation. 

The AN/BRN-3 Radionavigation Set, in conjunction with the SINS and other 
navigational aids, has a primary function of providing continuous submarine navigation 
with global, all-weather coverage and high accuracies sufficient to provide position 
references for POLARIS and POSEIDON missile targeting. The Navy Navigation 
Satellite System and the AN/BRN-3 provide highly accurate position fixes (at inter- 
mittent times dependent upon satellite availability in the local area and at the discretion 
of the submarine commander) from which a calibration of the SINS, relative to a 
standard earth coordinate system, can be made to indicate the compensating adjust- 
ments necessary to remove the effects of inertial system anomalies and drifts. 

In addition to FBM submarine installations, the AN/BRN-3 has been used for 
special missions aboard surface ships. Several units are installed in training centers, 
instrumentation ships, and research centers. 

In addition, each operational sta‘ a of the navigation satellite ground support 
subsystem uses the AN/BRN-3 receiver for satellite tracking and orbit determination 
rather than for navigation. The AN/BRN-3 has been used as a standard for performance 
comparison with other alternative navigation sets and for performance evaluation of 
nev.» launched satellites prior to their acceptance into official Navy operational 
service. 

The AN/BRN-3 receives navigation satellite signals on the 400 and 150 MHz 
channels from which it measures doppler shift versus time and recovers “message” 
data from the modulation. It receives ship’s velocity information and position estimates 
from SINS, timing from the ship’s clock, and operational commands from the ship’s 
navigation center. Data other than the satellite signal-derived information are received 
via the ship’s NAVDAC computer. The AN/BRN-3 computes from these inputs the 
ship’s position at sea to a high accuracy and provides the information for printout at 
the Navigation Control Center (NCC). 

In addition, the AN/BRN-3 computes from its data memory (which is updated 
by new message data recovered during each satellite pass reception interval actually 
taken), predicticns, and information for the selection of usable future satellite passes 
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1030 SATELLITE NAVIGATION 


from those that will be available within a time interval surrounding the next desired 
SINS calibration time. The prediction is based on a constellation of up to eight naviga- 
tion satellites and the ship’s estimated position. The information provided includes 
predictions of time of satellite rise (when the radio signal can be received) and the value 
of the doppler shift. 

From a model of the total system, the AN/BRN-3 computes forcing functions 
for the enhancement of its own performance. It generates driving signais to assist the - 
radio receiver in the acquisition and tracking of satellite radio signals so as to minimize _ 
the loss of information due to temporary failure to coherently track the signal as a 
result of its temporary disappearance due to spray and wavewash over the antenna at 
the sea surface. The system is decision directed and self-adaptive in the selection of 
operating mode and receiver tracking bandwidths. The AN/BRN-3 has self-diagnostic 
* atures for routine maintenance, pre-pass rer.diness checks to avoid abortive surfacing 
by .he submarine for satellite reception, and for performance enhancement of the 
opera.ional mode. The normal operation is comp'ctely automated although a full 
complement of controls and monitors are provided for manual operation. 

Some of the important features and design characteristics of the AN/BRN-3 
Radionavigation Set are: 

1. For navigation the system uses ite:, 1s 7e least squares curve fitting routines 
to match doppler information measured fron: .eceived signals to doppler information 
that is predicted for the best estimate of tne prevailing satellite-navigator dynamic 
geometry. A very large number of measurements are made on received signals to 
generate, in effect, a smoothed curve of observed doppler shift versus time. 

2. Doppler measurements are made using the set’s local clock to determine the 
time interval in microseconds that is required for a preset digital doppler shift counter 
to overflow when the doppler shift is offset about a reference frequency of 55 kHz. 
Each doppler information sample therefo. constitutes a nominal short (1 second) 
count, the actual interval varying between abcut 0.8 to 1.4 seconds for satellites at 
an altitude of 600 nautical miles. 

3. Provisions are made in the data processor for che validation and qualification 
of each doppler measurement sample and for selective grouping of qualified points to 
obtain a distribution versus time during the satellite pass which will provide the 
greatest efficiency in total time spanned and accuracy of the fix computation. Entry to 
the navigation fix computation routines requires 165 doppler data samples. After | 
editing and grouping, 70 fully qualified data points are required for final fix compu- — 
tation—35 prior and 35 following the time of closest approach (TCA) between the 
satellite and submarine. This data processing is subject to software programming. 

4. The radio receiver combines in analog circuitry the prevailing doppler shifts 
as received and reconstructed from each of the 400 and 150 MHz satellite carrier signals, 
thereby automatically compensating for refraction errors due to the electron density in * 
the ionosphere (art. 4437). The analog combining circuitry generates a single signal for 
doppler measurement which is representative of signal propagation through nonre- . 
fracted vacuum. Due to the scaling factors employed, the magnitude of doppler shift ; 
presented for measurement is equivalent to that which would occur if the satellite trans- - 
mitted a single carrier frequency at 6*7.5 MHz. The circuitry also provides an analog 
derivation of a refraction signal. This signal is a measure of the departure from exact 
mathematical coherency |etween the 400 and 150 MHz carier signals as received. The 
refraction signal is used as a quality indicavor—if the frequency of the refraction signal — 
exceeds a threshold of 10 Hz for a sustained interval, the accompanying quantitative 
doppler data is deleted and not accepted to the navigation computing routines. 
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5. Data processing and computing routines ere provided for the calibration of the 
local clock of the navigation set against epochs recovered from the satellite modulation 
and message formats. 

6. One phase modulation decoder is provided in the radio receiver for the recovery 
of satellite timing, satellite orbital data, cross satellite alert, and other system data that 
are encoded in the 6,103 bits per 120 second repeatable satellite format which 1s trans- 
mitted by the satellite on each of the 400 and 150 MHz carrier signals. The phase 
modulation decoder is preceded by a proportional predetection combiner of the 500 
kHz IF signals of the respective 400 and 150 MHz receiver channels. 

7. After phase modulation detection of the combined satellite signals, information 
decoding is performed by the computing processor using majority voting and piecew:se 
fitting routines to obtain at least one complete message from the several that occur 
within the interval of satellite signal reception. 

8. There is an automatic search and sutellite signa! acquisition mode for the car- 
rier tracking circuits of the radio receiver with the controls proviaed by the computer 
and data processor based upon predictions from a local memory of orbital parameters 
for up to eight satellites and the ship’s inertial position data. Optional manual controls 
are also available at the receiver. 

9. The system has built-in test features for the special analysis of the radio 
spectrum received by the antenna which can be used te identify and measure certain 
interfering and jamming signals at the sea surface. 

10. The system has self-test features for equipment malfunction diagnosis and 
routine preventive maintenance covering the entire AN/BRN-3 system beginning at 
the antenna input terminals to the radio receiver. Software programs establish and 
control operational readiness tests prior to submarine surfacing while in a pre-pass 
period. The diagnostic analysis can extend to the smallest modular unit level. 


The navigation accuracies that are obtained at sea depend in part upon the ac- 


curacies of inputs describing the ship’s motion in the interval of the satellite pass when 
doppler data was measured. 

The statistical accuracies achieved at a non-navigatiag fixed site, such as Station 
110 located at Applied Physics Laboratory, using a typical operational software pro- 
gram, produce e circular probable error (CEP) of 0.017 nautical mile as shown in 
figure 441 1b. 


Integrated Doppler Tracking Equipment 


4412. Developmental AN/SRN-9 equipment.—In the early stages of uhe develcp- 
ment by the Applied Physics Laboratory of receiving equipment for use in the integrated 
doppler count method of navigation, the technical approach was centered around a 
single-frequency system. It v recognized that the use of a single-frequency system 
operating at the higher frequencies, i.c., 400 MHz, would result in 2 navigation error as 
large as 1 nautical mile because of the refraction effect. of the ionosphere (art. 4437). The 
elimination of the requirements for a 150 MHz phase-locked receiver, for a more complex 
antenna with dual preamplifiers, and for refraction correction equipment appeared 
desirable in terms of the resultant equipment simplification and lower cost. The single- 
frequency system was built in breadboard form at the Laboratory, and the feasibility 
of the system demonstrated in mid-1961. 

The design of a two-frequency system was begun by the Laboratory about the 
same time the single-frequency system reached its breadboard stage. This design effort 
disclosed that since the two received frequencies are always in constant ratio within a 
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Courtesy of Applied Paysics Laboratory, 
The Johns Hopkins Unirersity. 


Fiecre 4411b.—Accuracy results at Station 110 for Yctober 1974. 


few parts in 10° (the order of the refraction effect) the second receiver need not be a 
phase-locked receiver, but could be merely slaved to the 100 MHz phase-locked re- 
ceiver. The two-frequency system design was developed and tested as an engineering 
mudel and subsequently developed into a prototype form designated XN-5 (fig. 4412). 
In the period between 1964 and 1967, a total of 23 prototype AN/SRN-9 (XN-5) sets 
were produced by the Laboratory and placed in service, primarily aboard attack air- 
craft carriers and oceanographic ships. 

Basic to the design of beth systems is the stable oscillator. Any bias in measuring 
frequency that is maintaited over a pas: (as opposed to point-to-point noise within 
& pass) produces a proportional error in position. The assumption is made, therefore, 
that the frequency of the local ozcille‘or is an unknown (art. 4435). This assumption 
requires that the measurements and computations needed for a navigation fix be 
arranged to eliminate the value of the frequency of the oscillator. When this elimination 
is done properly, the only stability required is five parts in 10" over a 2-minute period. 
Such stability can be achieved, and a carefully chosen crystal in a thermostatically con- 
trolled oven with a large thermal time constant is entirely adequate. 
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The (XN-5) stable 5 MHz reference oscillator uses a design concept similar | 
those used in the satellite: oscillator, ie., a thermostatically controlled oven with a! 
very long thermal time constant between the oven and a monel slug, which contains: 
the critical circuits. Since the vacuum of space is not available for the earthbound 
oscillator, a great amount of thermal insulation is used, resulting in a relatively-large 
physical size. 

The AN/SRN-9 (XN-5) receiving equipment has five basic elements: (1) the 
antenna and preamplifiers, (2) the receiver-demodulator, (3) the digital section, (4) the 
control group (output Section), and (5) the & MHz oscillator. 

The antenna is a whip over a ground-plane mounted on the superstructure of 
the ship, along with preamplifiers for the 150 and 400 MHz signals. 

The receiver-demodulator contains circuitry to perform the following functions: 

1. selectively track a satellite signal after manual lock-on; 

2. demodulate the binary data from the carriers; 

3. provide timing signals to the digital section at the doublet (half bit) rate (one 
every 9.83 ms) as derived from the doublet coding in the satellite messages; and 

4. produce a sequence of pulses from which a refraction corrected doppler count 
is obtained. 

A precise timing signal based upon the message modulation rate is derived in an 
internal clock in the receiving equipment. This synchronized internal clock controls 
the decoding, printing, and doppler count gating operations with an accuracy of better 
than 0.2 ms. Because the operational satellites transmit the end of message work, two at 
each integral 2 minutes of UTC (+206us), adequate time information is obtained from 
the satellite for navigation and doppler gating. 

The digital section contains shift registers for accumulating the doppler ccunt 
and for storing the serial binary data decoded from the satellite messages. ; 

The digital section also contains an output register and the necessary counting j - 
and control logic to organize the satellite messages into words and digits (output format : 
control). It also programs the data and other tining signals to the output terminals. 

The message data are extracted in four-bit groups (i.e., excess-three binary coded : 
decimal format). Control signals are available to take all data (every word) or select 
only every sixth word (all that is necessary) for normal navigation. : 

From the control group, the navigator can monitor the operation of the equip- 
uient. In operation, the navigator remotely tunes the 400 MHz receiver from whence 
he obtains all necessary cont. 9] functions. 

In summary, for any satellite pass the following sequence of events will cccur in 
the receiving equipment: 

1. The receiver-demodulator is manuelly locked onto tie satellite signals, und phase 
tracks during the satellite pass. 

2. The receiver-demv ulator begins decoding the binary data based on an arbitrary 
association of adjacent doublets. 

3. The digital section monitors the decoded data, and properly pairs the demodu- , 
lated doublets to form binary bits. When the proper pairing is achieved, the digital 
section energizes the bit synchronization line. ~~. 

4. The counting and control logic is reset by the synchronization word it. the satel- . 
lite data format. The first time the synchronizetion word is received after bit synchro- “- 
nization, the digital section outputs a synchronization pulse. A 2 minute UTC pulse is 3 
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also generated each time the synchronization sequence (0111111111111111111111110) 
is received. 

5. The counting and format control logic in the digital section governs the han- 
dling of the binary data from the satellite, and the accumulation and output of the 
doppler count. 

8. The 2-minute doppler count and satellite message data are printed out in 
decimal form en the control group printer. 

7. Whenever an interrupt in the satellite signal occurs, bit synchronization must 
be reestablished. 

4413. Functional description—The navigation program currently used in con- 
junction with the CP-827 computer has the following functional capabilities: 

1. Processes data from the SRN-9 receiver in an “on line’ mode (the receiver and 
computer are electrically interfaced, and satellite data collected by the receiver will be 
transferred and stored by the computer). 

2. Normats and prints the receiver data on the Central Group. 

3. Majority-votes satellite message data from several messages and modifies this 
data in the case of injection of new message data into the satellite. 

4. Edits doppler data to 7°5 provided at least four d-ppler counts are received. 
Additionally checks for mcnotonically increasing doppler counts and zero doppler 

_ counts. 

: 5. Provides navigator’s motion description in the form of constant course and speed 

" or Maueuvering with various options: distance north (DN) and distance east (DE) 

* per 2 minutes, latitude, longitude, or range and bearing at the 2-minute time-marks. 

; 6. Provides automatic satellite alert computation for the satellite just tracked. 

* Alert computation for a single satellite may be performed at any time using message data 
from a previous satellite pass. 

7. Renavigates satellite pass with different dopplers or different motion inputs. 

8. A test satellite message can * navigated for test purposes. 

4414. Accuracy.—The AN/SRN-9 (XN-5)/CP-827 produces an error at a fixed 
siie of less than 50 meters (CEP). A bull’s-eye plot of fixed site error is shown in figure 
4414. The fixed site error is also given in table 4414. The difference in computed mean 
position and reference position is less than 17 meters. The shipboard accuracy at sea 
depends upon precise inputs of ship mc‘*on during a sateliite pass. When SINS motion 
inputs sre used, errors less than 0.1 nauticel mile are obtained. 


CUMPUTED MEAN POSITION 


Latitude: 39°00/8124 
Longitude: —76°53/8408 


FIX REFERENCE POSITION 


Latitude: 39°09/8214 
Longitude: —76°53/8410 
Antenne Height: 106.00 meters 
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: Latitude: 0.0215 mi. 
a : Longitude: 0.0226 mi. 
: Root Sum Square: 0.0312 mi. 
fe. Circular Probable Error (CEP): 0.0260 mi. 
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Total number of passes used: 32. 
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Taste 4414.--Fixed site error of AN/SRN-9(XN-~5)/CP-827. 
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4415. Status.—The AN/SRN-9 (XN-5) sets are, or have been, operational aboard © 
* U.S. Navy ships and oceanographic ships. On 1 April, 1974, the responsibility of the 


Applied Physics Laboratory for technical support of the AN/SRN-9 (XN-5)/CP-827 | 
Radionavigation Set was transferred to the Naval Electronics System Engineering = 
Center, San Diego, California. Prior to this date, the Laboratory had the continuing = 
responsibility of providing field support. This included maintaining a repair facility, | 
conducting personnel training programs, and supplying complete software programs. = 


Current Navy Navigation Satellite Equipment 


4416. The AN/WRN-5 Radionavigation Set, a self contained navigation set 
consisting of preamplifier and receiver/computer assembly, is capable of automatic i 
operation and utilizes short-count doppler data to provide navigation in a submarine | 
environment. A synchro-to-digital interface allows intercounection with the SINS ; 
for the automatic inputting of ship’s motion data. The set is fully militarized and uses | — 
the standard UHF submarine antenna for receiving 150 and 400 MHz signals from the | 
Navy Navigation Satellites to obtain navigation fixes. The set is shown in figure 4416. | 

Modification of an AN/WRN-5 set is under way (1975) to enable the reception ! 
of PRN modulation (art. 4430) from improved NAVSAT satellites. This modification | 
will give the AN/WRN-5 the capability of providing a standard doppler navigation | 
fix, a range measurement navigation fix, or a combined doppler and range navigation 
fix. This capability offers the following advantages: 

1. reduced antenna exposure time for a navigation fix, 

2. moro accurate time dissemination. and 

3. fully refraction-corrected navigation using a single channel. 

4417. Functional description.—The AN/WRN-5 Radionavigation Set consists of 
(1) antenna (uses the submarine’s UHF antenna), (2) preamplifier, and (8) receiver ; 
assembly. The receiver assembly consists of the following subassemblies: ‘ 

1. power supply, 

2. radio receiver, 

3. expanded data processor, 
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-76°5348410 


— +39°09'8224 


. 


Ficure 4414,—Bull’s-eye plot of AN/SRN-9(XN-5)/CP827 navigation fixes at the Applied Physics 
Laboratory of The Johns Hopkins University. 


. RF test signal generstor, 
. memory loader (tape cassette), 
5. 5 MHz frequency standard, 
. remote videe ‘lispley, 
. software program. 
The AN/WRN-5 set weighs 150 pounds and uses 350 watts of power. 
4418. Design characteristics —The AN/WRN-5 Radionavigation Set employs 
150 and 400 MHz phase-locked tracking loops, and has the following features: 
1. automatic acquisition, 
2. short count (23 second nominal! interval) 400 MHz and 150 MHz doppler data, 
3. integral test set, 
4. integral 5 MHz oscillator, 
5. integral computer with 16K-word, 16-bit memory, 
6. teletype interface, 
7 
8 
9 
10 


* 


. SINS interface, 

. havigation fix display, 

. minimum exposure time, 

. latest navigation program. 


Garay atyPlblea ve 


The AN/WRN-35 set interfaces with a remote video display, printer, and teletype. 

4419, Accuracy.—Fixed-site accuracy of the AN/WRN-5 is shown in tables 4419a, 
4419b, and figure 4419. The evaluation was conducted during four modes of opera- 
tion: (1) the normal mode-automatic acquisition, dual channel; (2) single channel, 
400 MHz only; (3) single channel, 150 [Hz only; and (4) dual channel, short exposure. 
In the short exposure mode, approximately 4 minutes of data were taken including at 
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refraction corrected fix to be made. 


Number of Passes: 
Computed Mean Position*—~ 
Latitude: 
Longitude: 
Difference of Mean Reference Position— 
Latitude: 
Longitude: ; 
Mean Radial Error about Mean Position: 
Deviation about Computed Mean— 
Latitude: 
Longitude: 
Root Sum Square: 
Circular Probable Error (CEP): 
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DUAL CHANNEL, AUTOMATIC ACQUISITION 


SINGLE CHANNEL, 400 MHz 
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least 2 minutes before the time of closest approach. In a few cases where lock was 
momentarily lost on one channel, data were taken for longer periods of time to allow a 


39 (ECA** 10°—70°) 


39°00/8158 
— 76°53 ‘8410 


—0. 0055 mi. 


0.0007 mi. 


0. 0204 mi. 


0. 0167 mi. 
0.0161 mi. 
0. 0232 mi. 
0.0193 mi. 


’ 
72 aamemtnemmmnetait sateen en Minheesnnmainiunmnnne mee wines 
* 








Number of Passes: 10 (ECA** 10°—70°) 
Computed Mean Position*— 
Latitude: 39°09/8144 
Longitude: —76°53/8390 
Difference of Mean Reference Position— 
Latitude: 0.0070 mi. 
Longitude: 0.0016 mi. 
Mean Radial Error about Mean Position: 0.0491 mi. 
Deviation about Computed Mean— 
Latitude: 0.0195 mi. i 
Longitude: 0.0477 mi. i. 
Root Sum Square: 0.0515 mi. 


Circular Probable Error (CEP) 0. 0396 mi. 


*Reference Position—Latitude: 39°09‘8214; Longitude: —76°53/ 8410. EONS 4 = 
**#ECA—Elevation at Closest Approach. ; 5 


TaBLe 44192.—AN/WRN-5 fix results. 
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SINGLE CHANNEL, 140 MHz 


Number of Passes: 14 (ECA** 10°—70°) 
Computed Mean Position*— 

Latitude: 39°09/8391 

Longitude: —76°54/0482 
Difference of Mean Reference Position— 

Latitude: 0.0177 mi. 

Longitude: ~ 0. 1612 mi. 
Mean Radial Error about N.ean Position: 0. 2676 mi. 
Deviation about Computed Mean-— 

Latitude: 0. 2662 mi. 

Longitude: 0. 2175 mi. 

Root Sum Square: 0. 3438 mi. 
Circular Probable Error (CEP): 0. 2848 mi. 


DUAL CHANNEL, SHORT EXPOSURE 





Number of Passes: 20 (ECA** 10°—70°) 
Computed Mean Position*— 
Latitude: 39°09!7683 
Longitude: —76°53/8468 
Difference of Mean Reference Position— 
Latitude: —0. 0530 mi. 
Longitude: —0. 0045 mi. 
Mean Radial Error about Mean Position: 0. 1042 mi. 
Deviation about Computed Mean— : 
Latitude: 0. 1393 mi. 
Longitude: 0. 0847 mi. 
Root Sum Square: 0. 1630 mi. 
Circular Probable Error (CEP): 0.1319 mi. 


*Fix Reference Position—Latitude: 39°09/8214; Longitude: — 76°53‘ 8410. 
**ECA—Elevation at Closest Approach. 


TaBrE 4419b.— AN/WRN-S fix results. 


4420. Status —A total of 32 AN/WRN-5 Radionavigation Sets (fig. 4416) have 
been procured (1975) by the Naval Electronics System Command for submarine use. 
Additional sets are being procured for installation in surface ships. The Applied Physics 
Laboratory served as technical advisor, assisting in the preparation of a technical 
specification for the equipment production contract and evaluating the AN/WRN-5 
navigation program. 

4421. AN/SRN-19 (XN-1) Radionavigation Set.—The radionavigation sets cur- 
rently (1975) available for use with the NAVSAT, such as the AN/WRN-5, are rather 
sophisticated. They receive data on two satellite frequencies; they are more accurate; 
and they are relatively expensive. To meet the need for 2 low-cost simplified satellite 
navigation set for use aboard the smaller naval vessels. particularly destroyers, the 
Applied Physics Laboratory desined the AN/SRN-19 R :dionavigation Set as a single 
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Nautical Mile 
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: Nautical Mile 
Ficure 4419.—AN/WRN-3 receiver accuracy, dual channel operation. 
channel integral doppler set that includes all of the units necessary to.compute and 


display a navigation fix in one chassis and an external antenna/preamplifier unit. De- 
veloped in response to Advanced Development Objective (ADO) 3411, the AN/SRN- 


19 (XN-1) will enhance a vessel’s navigation capabilities by providing regular position. 


fixes and dead reckoning (between satellite fixes) anywhere in the world, day and night, 
in any weather. Design features of the set are such that is is expected to-cost less than 


$10,000 in production quantities. It is intended for use on surface ships, especially: those. 


with an Anti Submarine Warfare mission, where the considerably higher cost of the 
AN/WRN-5 Radionavigation Set cannot be accommodated and where the extreme 
accuracy of the higher priced set is not required. 

4422, Fanctional description.—Figure 4422 shows the AN/SRN-19 Radionaviga- 
tion Set with its antenna/preamplifier end printer, which is optional. The set consists 


of a 400 MHz receiver; a 5 MHz oscillator; an 8,192 word, 16-bit: data processor; power 


supplies; and 2 synchro-to-digital units mounted in its chassis: A display, keyboard, 
and a cassette recorder are mounted on the front panel of the chassis. Controls and 
monitoring devices are also on the front. panel. 

The receiver automatically searches for and locks onto a satellite’s 400 MHz 
signal, and extracts from the signal two types of information. One is the reconstructed 
doppler shift of the satellite signal which results from the relative motion between the 
navigator and the satellite transmitting the signal. The other type of information is 
obtained by demodulation of the satellite carrier which is phase modulated with a 
message describing the satellite position in inertial spuce. These data along with the 
information on ship’s motion during the satellite pass are used by the navigation pro- 
gram to compute the ship’s position. 
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The navigation program is permanently programmed on Read-Only-Memory 
(ROM) chips in the data processor. This program provides a continuous dead reckoning 
position using ship’s course and speed through the two synchro-to-digital converters 
and updates the DR position periodically with a satellite navigation fix. Ship’s position 
information in the form of time, latitude, and longitude is displayed on the AN/SRN-19 
front panel and updated every 5 seconds. AN/SRN-19 time is kept by processing once 
per second interrupts to the data processor. The interrupts are provided by a count- 
down of the 5 MHz oscillator. This “clock” is initialized i 7 the operator and corrected 
thereafter by satellite data. 

The operator uses the keyboard to initialize the navigation program and to select 
special purpose routines that :ompute and display the desired information, e.g., ship’s 
speed and heading, and sa‘ell.te fix results. The cassette tape recorder records ship’s 
position every 15 minutes for playback later at a shore facility. 

The navigation program has the following capabilities. 

1. Updates present latitude and longitude once per second by dead reckoning on 
ship’s true speed and heading. The ship’s position on the front panel display is refreshed 
every 5 seconds. True speed and heading are obtained by summing vectorially the speed 
and heading of the ship with respect to the water with the set and drift of the current 
in the area. The heading and speed of the ship with respect to the water are obtained 
automatically from the ship’s Mark 19 Gyrocompass and electromagnetic underwater 
log through the AN/SRN-19 synchro-to-digital converters. The operator has the option 


’ of manually entering the set and drift of the ocean currents if they are known. If the 
_ ship does not have a Mark 19 Gyrocompass and electromagnetic log, the ship’s heading 
: and speed with respect to the water may be entered manually. The dead reckoning 
- program continues to run once per second regardless of any other programs that may be 


executing (i.e., great circle program, satellite fix program, or alert program). 

2. When the receiver locks onto a satellite signal, the program recognizes the 
beginning of a 2-minute data transmission interval, collects and majority votes the 
satellite message data, and computes a satellite fix provided there is sufficient satellite 
data. The fix is used to update automatically the dead reckoning position provided the 
following conditions are met: 

i. The satellite elevation at closest approach is between 10° and 80°. 
ii. The fix computation converges in five or less iterations and the total correc- 
tion is less than 30 nautical miles. 

If the above conditions are not met, the operator may manually enter the fix in 
the data processor to update the DR position. 

The special purpose routines of the navigation program include the following: 

1. A great circle program which will compute and display the great-circle distance 
and bearing from the ship’s present position to any destination that has been entered 
by the operator. 

2. A satellite alert program which computes and displays the next expected satel- 
lite rise time, and the elevation at closest approach of the satellite just tracked. A new 
alert is computed each time when the display button is depressed. 

3. A keyboard/display program which is used to enter and display various param- 
eters of interest. 

4423. Accuracy.—The AN/SRN-19 (XN-1) has a fixed-site CEP of less than 
120 meters. Figure 4423 shows plots of 24 satellite fixes taken at dockside aboard the 
USS Forest Sherman (DD-931) at Norfolk, Virginia. 

During the period 24 April to 26 April 1974, an AN/SRN-19 was installed for a 
technical evaluation. The dockside RMS error for 24 navigation fixes was 0.076 nautical 
mile. The design goal was 0.1 nautical mile RMS at dockside. During at-sea te-ts, 
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automatic inputs of ship’s course and speed were used. Based.on eight satellite fixes ob- 


tained-from the two- at-sea tests, the RMS radial fix error. of- the AN/SRN-=19-was 0.13. 


nautical mile. The design goal was 0.3 nautical mile RMS. 


The DR velocity error-is dépendentupon the particdlar ship's motion measuring — 


devices that are-used. Fifty-three satellite navigation fixes were computed by the 
_AN /SRN-19 located at the Applied Physics Laboratory with a. 1-knot error inten- 


"tionally. ‘inserted into the DR system. The RMS radial error of these 53 passes was _ 


0.31 nautical- mile. 


4424, Status.—As-of 1975, two AN/SRN-19 (XN-1) Radionavigation Sets have 
been fabricated. Modification of the S/N 01 set is under way to incorporate improve- 
ments preparatory to further technical evaluation; the S/N 02 set is being used for 
equipment checkout. - 
4425: AN/PRR-14 Geoceiver.--The basic purpose of the Geoceiver conceived at 
the Applied Physics Laboratory is to receive and record data for geodetic position 
determination. Secondary uses are for satellite orbit determination and shipboard 
navigation. The Geoceiver makes integrated doppler measurements from satellites 
radiating on 324 and 162 MHz frequency channels, as well as from the Navy navigation 
satellites radiating on the 400 and. 150 MHz frequency. 
4426. Functional description.—The received frequency pair may be selected 
: manually or automatically. When in the automatic mode, the receiver alternately 
> searches for the frequency pairs until satellite signals are acquired. Data processed by 
j the Geoceiver—time, integrated doppler, and integrated refraction correction—are 

stored on punched paper tape which are subsequently transmitted to a computing 
' center. Provision is also included for processing the Navy navigation satellite message 
‘ with the doppler and refraction correction data to # computer for real-time navigation 
’ applications. 

The main receiving unit of the Geoceiver is shown in figure 4426, 

4427, Design characteristices—-The Geoceiver design specifications include the 
following: 

1. double conversion 400/324 MHz channel, 

2. double conversion slaved 150/162 MHz channel, 

3. integrated doppler frequency measurements timed by a receiver clock (30- 
second or 60-second integration intervals), 

4. receiver clock calibrated against received Navy navigation satellite time, 

5. separate integrated refraction data from 150/162 MHz channel, 

6. time, doppler, and refraction correction data recorded on punched paper tape 
with additional data entered from the receiver control panel, 

7. Navy navigation satellite message, -time, doppler, and refraction correction 
data available on a computer output to provide real-time navigation, 

8. automatic search and acquisition of satellite signals with manual over-ride, 

9. rapid resynchronization with satellite message and time if carrier tracking 
is lost for up to a minute, 

10. built-in self-test and troubleshooting aids, 

11. portable; small in size, weight and power consumption. 

A suitable external computer is required for real-time navigation applications, 

4428, Accuracy.—Table 4428 indicates single pass survey capabilities of the 


Geoceiver by using satellite orbits derived from tracked data as opposed to navigation 
results obtained from projected orbits. 
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Mean Error Standard Deviation 

Satel- No. (Meters) (Meters) 
Equipment lite Passes — 
Long. Lat. Long. Lat. 
Breadboard 30120 44 6.2 —5.1 8.7 6.1 
Geoceiver 30130 53 8.0 —3.3 13.7 5.7 
(Station 391) 30140 50 7.6 ~—3.1 8.6 4.9 
30180 44 8.0 —5.7 9.3 6.4 
Prototype 30120 32 5.7 —4,3 12.5 7.5 
Geoceiver 30130 37 8.9 —3.8 6.6 3.5 
(Station 137) 30140 42 6.3 —4.2 7.6 3.9 
30180 42 6.7 —5.0 10.8 6.9 
Breadboard 30120 7 13.8 —1.9 13. 2 9.6 
Geoceiver 30130 16 8.0 —2.9 9.0 3.9 
(Station 136) 30140 14 7.2 —2.8 7.3 6.7 
30180 18 9.7 —3.3 11.4 5.7 





Notes: 1. Obtained from NWL Technical Report TR-2338 dated September 1969. 
2. Data obtained with antenna common to both the breadboard and 
prototype Geoceivers. 


TaBLe 4428.—Geoceiver survey data statistics for single pass solutions. 


4429. Status.—The first Geoceiver was completed in January 1971. The second 
Geoceiver, S/N 02, was delivered to the Applied Physics Laboratory in February 1971 
for evaluation. Currintly (1975), Geoceivers S/N 03 and S/N 04 are at the Laboratory 
for data coilection ar d evaluation. During 1971, a total of 38 Geoceivers were delivered 
to various users. 


4430. Pseudo random noise modulation. A new generation of navigation satellites 
was developed by the Applied Physics Laboratory as part of the Transit Improvement 
Program (TIP) to enable more accurate navigation fixes. A key element of TIP is a 
broadband pseudo random noise (PRN) modulation that provides the capability to 
recover satellite time epochs with greater precision than previously possible. The RF 
energy for the PRN modulation is spread over 3.3 MHz and is 45 dB down from the 


* carrier so that the modulation is transparent to normal satellite navigation users. 


The first satellite with PRN modulation was the TRIAD satellite launched in 
September 1972. Follow on TIP satellites will also include this PRN capability. Potential 
uses of this new modulation include navigation with PRN as a direct measurement of 
the range between the satellite and the navigator, navigation with single channel 
PRN and doppler measurements concurrently to eliminate the effects of refraction, 
evaluating the quality of the doppler data received, and synchronizing the navigator’s 
clock to the satellite clock. 

For satellite applications, the PRN technique offers significant advantages when 
compared to competing modulation techniques, namely: 

1. It provides a solution to the problem of cross-satellite interference which is a 
problem at high latitudes with the six currently operational navigation satellites. 
PRN allows satellites to be tracked individually, even though their doppler frequencies 



















































































Rey 





ry 


PA A a rt 


PUENTE oe 





























era 









































































1048 SATELLITE NAVIGATION 


may cross. This capability remains regardless of the number of satellites in the con 
stellation. PRN will also suppress other interfering signals. 

2. The RF energy of the spread spectrum sidebands produced by PRN modulation 
is 45 dB down from the carrier frequency. This depressed and spread modulation ob- 
viates the need to obtain a new frequency allocation for the PRN system. PRN does 
not interfere with other users of the 150 and 400 MHz frequencies. 

3. Satellite hardware and ground equipment modification requirements are no 
greater for PRN than for any other suggested timing system. 

4. PRN modulation is transparent to the current navigation user equipment with- | 
out modification or degradation of navigational fix accuracies. 

5. The PRN ranging signals may be denied to unwanted users, thereby offering 
potential jamming immunity. 

6. PRN provides maximum multipath suppression; this is especially important 
to the air navigation application. 

In order to fully evaluate the PRN technique, an experimental ground system was 
developed at the Applied Physics Laboratory by using a suitably modified AN/SRN-9 
receiver as the nucleus. 

The experimental ground system was used to gather precision range and doppler 
data from the TRIAD satellite. Orbital satellite data were recorded on magnetic tape 
and subsequently analyzed on the IBM 360/91 computer at the Laboratory. Analytical 
software was developed to evaluate the capability of the PRN signals to meet the 
following objectives: 

1. to reduce the time required to obtain a navigation fix during each pass by pro- @ 
viding improved doppler count data, 

2. to provide real-time reduction of interfering and multipath signals, 

3. to provide exper*~ontai confirmation of the PRN techniques presently being & 
considered for advance ‘ation satellite systems. ; 

The opportunity to« onstrate digital modulation techniques in general may be 
considered a secondary ap, iication of the system .- 

4431. Functional description—The PRN ranging‘time code is impressed on the |. 
400 and 150 MHz carriers via a digital shift register and a two-stage phase modulator | 
that operates directly at 400 and 150 MHz, having a peak phase deviation of 45°. | 
The transmitted signal consists of 1 watt of the unmodulated carrier and 1 watt of | 
PRN modulated side bunds, the largest of which is 45 dB below the unmodulated i 
carrier. Present navigation set users continue to navigate with the unmodulated | 
carriers and are not affected by the ranging signal, since it is well below the minimum | 
receiver threshold. ‘a 

Reception of the PRN code requires a correlation type receiver in which a local ;- . - s: 
replica of the code is generated and compared to the received code in a multiplier. The - : 
output. voltage from the multiplier varies as the autocorrelation function of the code, | 
and reaches a maximum value when the codes are in exact alignment. This voltage © 
is fed back to a device which controls the delay of the locally generated code, keeping 
it aligned with the received code during the satellite pass. : 

A measurement subsystem consisting of a time-of-day (TOD) clock and an inter- . 
polater is & part of the system. Upon receipt of a PRN epoch pulse, the TOD cleck is | 
read out to a resoiution of 1 miscrosecond. At the same time, an interpolation is made ; 
between the last microsecond recorded by the clock and the actual occurrence of the — 
epoch pulse, to a resolution of 1 nanosecond. Both the 400 and 150 MHz epoch pulses 
are measured in this way and the data are subsequently used in the computer to cal- , 
culate a single refraction-corrected range value. 
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SATELLITE NAVIGATION 1049 


The measurement subsystem also makes use of precision doppler counts. The 
counting technique used is patterned after the Geoceiver (AN/PRN-14) approach, 
wherein an exact number of doppler cycles are counted over continuous integration 


* intervals. The TOD clock is read out to 1 microsecond at. the beginning of each count. 





A doppler frequency is also obtained from the 150 MHz channel, scaled to 400 MHz, 
and counted in a similar manner. Both counts can be made and recorded at selectable 
intervals varying from 0.6 to 4.6 seconds during the pass, and subsequently used by the 
computer to generate a single refraction corrected doppler count. 

4432. Accuracy.—Instrumentation accuracy is one factor contributing to the 
final range measurement accuracy ef the system. Other factors must be considered, 
i.e., satellite and receiver oscillator instabilities, orbit prediction errors, higher order 
ionospheric effects, and similarly related effects. Data ebtained from TRIAD have been 
used to demonstrate that: 

1, Precise timing signals can be recovered and used to make counting and timing 
measurements of such high quality that accurate integral doppler navigation fixes 
can be obtained using only those measurements made within a relatively short interval 
of time centered about the closest approach of the satellite. 

2. The timing signals can also provide the direct. measurements of slant range for 
ranging fixes that are as accurate as integral doppler fixes. 

3. A navigation fix free of the potentially large errors due to ionospheric refrac- 
tion can be produced using only single frequency doppler and ranging measurements. 

Demonstrated error levels from the ground system instrumentation, independent 
of the oscillator are listed below: 

Time recovery errors (after refraction correction)—10 nsec rms, 10 nsec bias. 

Doppler recovery errors (after refraction correction)—0.1 cycle rms. 

4433. Status —The SRN-9/PRN Ground Receiving System was first used to track 
the TRIAD satellite in the fall of 1972. Since then data from over 80 satellite passes 
have been obtained and analyzed. 

The system has been used in TRIAD tracking to demonstrate successfully the 
time and frequency monitoring capabilities of PRN signals. 

Basic Principles 

4434. Design considerations.—A satellite navigation system is truly all weather 
when radio frequencies are utilized which are not sensitive to weather or atmospheric 
noise, and when frequencies are combined such as to obtain independence from iono- 
spheric variations. The use of orbiting satellites makes the system inherently worldwide. 
Other attributes of a satellite navigation system depend upon other system design con- 
siderations such as the question of whether to utilize radio sextant techniques analogous 
io celestial navigation, whether to utilize simultaneous transmissions from multiple 
orbiting satellites in analogy with Loran or Omega, or whether to use an altogether new 
method which is more natural to artificial satellites than established techniques, e.g., 
taking advantage of the high speed of the satellite by using the doppler shift. 

NAVSAT through its use of range rate by measurement of the doppler shift of 
satellite radio transmissions provides the following advantages: 

1. There is no need for a large receiving antenna array as required by radio sextants. 

2. Only one satellite need be utilized to obtain a position at a given time so that 
the complexity of maintaining cooperative satellites in orbit for simultaneous signal 
reception is avoided. 

3. Doppler measurements are inherently open loop, that is, there is no need for 
transponding signals back and forth between the satellite and the observer as would 
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be necessary in measuring range directly. Therefore, NAVSAT is passive in that there ; 
are no radio transmissions from the observer’s station. - : * 
4435. Basie doppler navigation principles.—Measurement of the sstellite doppler — 

curve in the vicinity of zero doppler shift allows a determination of the time snd the 
line-of-sight range (slant range) to the closest point of approach of the satellite to the 
observer. This measurement enables determining the observer's position relative to the 
sateilite in a coordinate system which is local to the satellite at the time of-closest ap- 
proach and whose axes are parallei and perpendicular to the direction the satellite travels 
over the earth at that time. Knowing the satellite’s orbit, its subtrack over the earth’s 
surface can be determined. Knowing the minimum slant range to the satellite and the 
altitude of the satellite, the distance frum this subtrack can be found. This can be 
thought of as the cross-track coordinate of the observer relative to the satellite. Know- 
ing the exact time when this minimum slant range occurred, the position of the satellite 
along its earth subtrack is known which can be considered the aiong-track coordinate 
- of the observer reletive to the satellite. Knowledge of the satellite orbit in detail tel’s 

: how to transform the observer’s relative along-track and cross-track coordinates to 

latitude and longitude. 

While this method is adequate to determine the observer's position, other informa- 
tion in the doppler shift can be used to advantage. If the whole of the doppler shift is 
used, sufficient redundant information is obtained to overwhelm any error due to 
random noise such as receiver and atmospheric noise. Furthermore, one can tell which 
side of the satellite subtzack the navigator is on by utilizing the fact that the earth’s 

; rotation produces a slight difference between the doppler shift as received east of the 
“4 satellite orbit and west of the orbit. 

Effective utilization of the whole of the doppler shift as received by the observer 
also allows the navigated position to be essentially free of any momentary receiver 
“drop out,” short term interference, etc., and some important potential system errors; 
for example, the error caused by an error in the frequency standard of the equipment. 
(The satellite frequency is maintained to an accuracy of better than one part in 10 
billion but the navigator’s local oscillator frequency can be in substantia! error in 
some of the less expensive navigator equipments.) Figure 4435 shows the time depen- 
dence of the change in the received doppler shift for e set on the earth’s equator which 
is changed by 1 kilometer in its along-track and cross-track components, respectively. 
It can be seen that the change in the along-track component prouuces a symmetric “ 

: frequency change. Also, it can be seen that the change in cross-track component pro- - 
, duces an anti-symmetric frequency change so that with doppler data only near the time 
of closest approach (zero relative time in figure 4435) along-track and cross-track com- 
ponents can be identified unambiguously. However, if a frequency standard error ; 
(local oscillator error) exists also, data only near closest approach will not aliow un- ~ _ = 
ambiguous identification of both frequency and along-track changes. On the other > 
‘ hand, if the whole of the doppler shift is considered, the two errors can be easily dif- 
ferentiated since a change in frequency produces a constant frequency error, while a ~ 
: change in the along-treck component produces a time dependent doppler error, the 
ot error being 2 maximum near the time of closest approach. 
4436. Effect of random measurement errors.—Profiles of over-all system naviga- _ 
. tion error can be constructed assuming that only random doppler (frequency) errors | 
‘ ere present. Figure 4436 shows a typical navigation error profile as the ground distance 
j to the satellite subtrack changes. As is to be expected, the along-tr ck error becomes — 
~ ° relatively large when the satellite is on the horizon since it is not above the horizon 
sufficiently long to accurately establish separation of along-track error from the set’s 
local oscillator error. The cross-track error becomes lerge when the satellite is nearly “~~ 





@ 


EK Ener RW ini MSE EEA 





a0 eA EE NL A TR TO A A NN soc 
' ‘ , 
1 


I Tl ] 
UAT AR 


A 





TEASE ENE E 


! 
Pia 


tl 






































































































































































































































SATELLITE NAVIGATION 


YouarL-ssoap 


Youay—BIuo ly 


po 


damn enna neti NAAR TATA A 


*siqjewusied uolnntsod omy— cepp TUNOTT 


(yoeoxddy 3saso0[D 03 aat eT[aY) spuossg UT auz] 


002 OoT 0 OOoT= 60¢- O00€- 00r7- o0s- 


tat 

PANEL 
NEL 

tt 


2g 


abl. ith 


peopel . 
ees ee | 


ind ie 


(,0T UT Sjaed) stTenptsey rzetddog 


une 



















































































NE ese 


See aan AARNE IRAN srt earn mente eAnenesosenaanurwnarenursnensantanncnenenntnn nA cs HL ENE 
“YOVlqzgnNs oz ]]ozus 07 oBuvl punoln—ogppp avooOT 
SITTIN [LBOTINeN 
oost 009T ° oozT ooot 008 0909 00% 





YOUNS NOLLVOIAVN ‘IWNIWON 








[VOFANEN 


S3SION HOGNVY HOUA YOUNT NOILVOIAWN 





eo 
o 
o 





STIR 


SATELLITE NAVIGATION 


NOZ1YHOH NO GLITHLVS 






























































69f url 348d {T SSTON SWU 


2aG$/z.UTOd evzed T euNnssy 


SOLVNINOGAYd YOUNA NOVUL SSOUO 





AOTIY HORT, BUOTY awe me mee ee ee ee we 


IOI your, ssoag fs | ceases 


AOIIY [TL OL 


SCSS SOHOHSHS SEES HSTSHESHOHSE SE SHEFT SESS ECE HOCH SOHO SEE EOE ES 




































































































































































































































































































































































SATELLITE NAVIGATION 1053 


. overhead since there is relatively small change in slant range to the satellite for a change 
* in cross-track component when the satellite is overhead. 

‘ The error profiles like thuse in figure 4486 are pessimistic since they consider the 
navigation errors when many independent measurements of frequency are made, e.g., 
one each second. Modern techniques dictate that coherent measurements be taken so 
that any error in frequency which has an average error of zero is suppressed. With such 
techniques, the errors due to random noise are suppressed more than the square root of 
the number of measurements, but probably still less than the total length of time of 
reception itself. In other words, noise can be suppressed somewhere between a factor 
of 15 min. (average pass duration) X60 sec.=900 and 


a 


¥15X60=30, 


dependent upon other considerations. 
One manner in which coherent measurements can be very conveniently utilized 
is by not measuring frequency per se but to maintain a running count of the number of 
. zero crossings of the received signal to obtain the coherent integral of the doppler shift. 
Utilizing integral doppler data in this way yields more potential accuracy and can be 
easier to implement. in the navigator’s equipment. In doing this, the equipment does 
become more sensitive to intermittent signal dropouts, etc., so that the more reliable 
navigator’s equipments utilize more sophisticated methods than this. However, several 
_ of the less expensive equipments, such as the AN/SRN-9 (art. 4412), utilize explicitly 
* this technique, where the integral doppler value is read each time the satellite 2-minute 
“time marker is received. 

4437. Non-random error sources.—For all practical purposes, random-frequency 
errors in the doppler data will not cause sign*ficant navigation errors. This is not true 
of systematic errors. The major sources of error which have been found are related to 
ionospheric refraction, errors in knowledge of the gravity field acting on the navigation 
satellites, and errors in knowledge of ship’s course and speed through the water. 


A mujor potential source of error in all satellite radio navigation systems is iono- 
spheric refraction. Navigation errors can result from the effect of refraction on the 
measurement of the doppler shift and from the errors in the satellite’s orbit if refraction 
is not accurately accounted for in the satellite tracking. Since the doppler shift in the 
presence of the ionosphere is basically the time rate of change of the electromagnetic 
path length, the doppler shift is altered from what it would be in a vacuum. However, 

+ it can be shown that the ionosphere is dispersive (the amount of refraction is dependent 
upon the frequency) and for frequencies significantly above any ionospheric resonance 
frequency (usually less than 30 MHz) the dependence of the doppler shift with fre- 

y quency is accurately known. For frequencies above 100 MHz, the dependence is in- 
versely proportional to the frequency to very high accuracy. The refraction contribu- 
tion can be eliminated by the proper mixing of the received doppler shift from two 
harmonically related frequencies (150 and 400 MHz for NAVSAT) to yield an accurate 
estimate of the vacuum doppler shift. 


In addition, the two received doppler frequencies can be mixed to yield an experi- 
mentally measured effect of the ionosphere, and the probable error caused by the ion- 
ospheric contributions can be studied. Such studies show that the principal navigation 
error due to refraction is in the cross-treck component; it typically can be several 
tenths of a nautical mile, and can be as large as 1 nautical mile. Unlike the mixing of 
local oscillator frequency error with the navigated along-track error, where use of the 
whole of the doppler curve allows both the along-track component and local oscillator 
frequency to be error determined, the ionospheric error has a time dependence during 
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1054 SATELLITE NAVIGATION 


the pass of the satellite above the navigator’s horizon which mimics the time dependence | 
of the doppler signal for a cross-track error. In this case, the cross-track component and 
@ parametric fit to ionospheric parameters does not-yield negligible navigation arrors. | 
Conseyusniiy, except for the simplest navigator equipments, two frequencies are’ 
received to yield a navigation position via the vacuum doppler data. Figure 4437a 
shows the ionospheric contribution at 150 MHz which can be compared with the eross- 
track error of figure 4435. 

Any error in the navigator’s knowledge of the satellite position during the t time 
doppler data is used feeds directly (and in nearly a one-to-one manner) into the naviga- 
tion error. Consequently, every effort is made to reduce the navigation satellite orbit 
error to a minimum. The major contributor to this error is inadequate knowledge of 
the gravity field of the earth, i.e., the gravity forces acting on the satellite. In 1960 it. 
was possible to determine the orbit of a satellite and then predict the orbit ahead in: 
time for 1 day (for use by navigators) to an eccuracy of 0.5 to 1.0 nautical mile due to! 
errors in the gravity forces. Since that time extensive geodetic research utilizing research 
satellites, similar to the navigation satellites with added trecking capability by optical 
means, has resulted in a significant improvement in knowledge of the earth's gravity 
field and consequent improvement in navigation accuracy. | 

The technique for determining the gravity field is to accumulste a large amount of 3 
tracking data (primarily doppler and optical) as observed on a large number of satellites § 
in orbits of varying inclinations. A gravity model is explicitly “parameterized” in { 
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Ficury 4437a.—First order theoretical refraction error. 
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terms of unknown coefficients in an expansion of the earth’s gravity fie.. An over-all 
least squares fit of the tracking data is then made considering all of the satellite orbit 
~ parameters, all of the Legendre expansion coefficients of the gravity field, and the loca- 
tion of the tracking stations as unknowns. The gravity field which gradually emerged 
from such worldwide studies exhibited a complexity fur beyond that ever suspected, 
It is difficylt to summarize ihe complex gravity field as it is known today. One 
fairly common method is to present contours of geoid heights. Such heights represent 
the height that water would rise or sink to—in seeking its own level—over and above 
that water level which would occur if the gravity field were a spherical mass (suitably 
modified for the equatorial bulge due to the earth’s spinning). Consequently, such 
geoidal contour maps can indicate the departure of the earth’s gravity field from what 
it was thought to be prior to the advent of satellite geodesy. Such a contour plot is 
shown in figure 4437b, which portrays the gravity field as known in 1968. With modern 
gravity models for the earth, satellite tracking error has been reduced from about % 
mile to about 20 meiers with commensurate reduction in the na/7igation error (orbit 
prediction error) caused by errors in the gravity forces acting on the satellite. As know- 
_ledge of the gravity field improves, errors due to this source will be further reduced. 
: The remaining lurge potential source of error is th3 erzor in the navigator’s motion 
during the receipt of doppler data. Since the doppler shift is determined by the relative 
: motion between satellite and nevigater, any error in the navigator’s motion will appear 
: as an apparent error in the doppler data used to find the navigator’s position. On the 
* average this error causes about 400 yards navigation error for every knot of error in 
- velocity. Navigator velocity error can become appreciable in aircraft navigation ap- 
: plications, and special techniques are used to bound this error in aircraft equipments. 
This error can become significant for high speed surface vessels and submarines in the 
> most demanding applications. For such cases, inertial systems are usually used to 
determine vessel speed and aid in dead reckoning between satellite passes. 
Other potential sources of error are usually negligible except for the most demand- 
ing applications. Sources of errors such as abnormal tropospheric refraction (e.g., 
navigation near a weather front); neglect of the variable height of the sea surface 
(e.g., ignore the geoidal height, figure 4437b, as an altitude correcticn of the navigator’s 
antenna height) ; and even wander of the geographic position of the spin axis of the earth 
(the so called Chandler wobble) are errors which can and should be accounted for when 
highest accuracy is desired. With all such corrections, navigation accuracy rivals world 
surveying accuracy (art. 4425). For this reason, satellite navigation has brought atten- 
tion to some large mapping errors. A good discussion of current navigation accuracy 
cepabitity can be obtained in the bull’s-eye plots shown for the navigation equipment 
discussed (figs. 4411b, 4414, and tab. 4428). 
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Integral Doppler Navigation 


4438. AN/SRN-9 integral doppler navigation.—It is beyond the scope of this 

“st. _ chapter to present details of the more sophisticated navigation techniques, eg., the 
AN/BRN-3 coupled to SINS. However, the essentials and many of the details are 

similar for utilizing integral doppler data in the AN/SRN-9. Therefore, the navigation 
procedure is given for this equipment in more detail to provide one detailed example of 

_ satellite navigation. 

The navigation fix obtained from the AN/SRN-9 is based upon the shift in 

frequency (doppler frequency shift) that occurs whenever the relative distance between 

a radio transmitter and receiver is changing. Such a change can be measured by a 
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Fiaure 4437b.—Contour map of geoidal height (meters). 
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receiver whenever a transmitting navigation satellite passes within radio range, and is 
due to the combination of three effects: 
1. motion of the satellite in its orbit, 
2. motion of the navigator on the earth’s surface, and 
3. rotation of the earth (ard therefore of the navigator) about the earth’s axis. 
It follows that the motion of the navigator must be properly measured or estimated 


; and inserted into the computation if accurate fixes are to be obtained. 


The integral of the doppler shift over a 2-minute interval (as measured by the 
AN/SRN-9 receiver, using a doppler frequency counter that is controlled by the 
2-minute time markers received from the satellite) is a measure of how much the slant 
range from satellite to navigator has changed during this 2-minute interval. In order 
to derive his position, the navigator also needs to know the position of the satellite in 
its orbit every 2 minutes. The information required from computing a fix are as follows: 


Data Obtained From 
Two-minute doppler frequency counts (inte- AN/SRN-9 receiver, using self- 
grated doppler). contained frequency standard. 
Satellite orbital position every 2 minutes.... AN/SRN-9 receiver recognition 


of satellite data bits plus 
subsequent computer opera- 
tion (tab. 4438). 

Own ship’s estimated position every 2 minutes. 

Or Ship’s navigational aids (with 
Own ship’s course and speed plus one estimate DR plot if necessary). 
of ship’s position at a stated time. 
Own ship’s antenna height above geoid.__._. See figure 4437b. 


Figures 4438a and 4438b illustrate how the measurements are made and how the 


‘navigation fix is computed after the satellite pass is over. In figure 4438a, the positions 


of the satellite in its orbit are shown for times ¢, through 4, which are the even minutes 
at which the satellite transmits its synchronization signal. The positions of the navi- 
gator, P; through P,, refer to the times at which his AN/SRN-9 receiver recognizes the 


isatellite synchronization signal, i.e., times 4, At, through 4,+-At,. Note that the times of 


Word Symbol Meaning Units 
number 

56 ty Time of perigee. Min. 

62 M Rate of change of mean anomaly. Deg/Min. 

68 ig! Argument of perigee at ¢,. Deg. 

74 ¢ Rate of ene e of argument of perigee Deg/Min. 

(absolute value). 

80 € Eccentricity 

86 Ao Semimajor axis. Km. 

92 Qy Right ascension ascending node at t,. Deg. 

98 Q Rate of change of Qy. Deg/Min. 
104 cosy Cosine of orbit inclination. 

110 Qe Right Ascension Greenwich. Deg. 

128 sin Y Sine of orbit inclination. 


TABLE 4438.—Satellite orbital information. 
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SATELLITE 
PATH 
EARTH'S | 
HORIZON | 
£, " NOMINAL VALUE OF T = 2 MINUTES (i.e., t, - t,» 
NAVIGATOR'S cerip eee 
REFERENCE eS ae 
FREQUENCY 
¢ = LATITUDE . 
c © SPEED OF LIGHT ay 
2 A = LONGITUDE . 
£ © DIFFERENCE BETWEEN 
NAVIGATOR'S t = TYME OF TRANSMISSION . 
REFERENCE FREQUENCY OF TIMING MARK 
AND SATELLITE TRANS- L 
MISSION FREQUENCY t+At = TIME OF RECEPTION OF ‘ 
TIMING MARK 
N = DOPPLER COUNT ; 
S = SLANT RANGE 
£6 
Nia = je !82(6,4)-S, (,4)] + Af > T 
» fo " ‘ 
X53 PIS,(@ A)-S)(6,4)] + AE - T ; 
Ny, = £2 18, 0,4)-S,0,4)] + Af - 7 ee 
Ficure 4438a.— Integrated doppler measurement. | 


reception are slightly later than the times of transmission because of the radio propaga-! 
tion time over the slant ranges S;, S2, 53, and S;. Also, since the propagation times At, 
Ab, Ats, and At, are not all equal, the time intervals over which the AN/SRN~9 makes its! 
intecral doppler measurements will differ slightly from the exact 2-minute value, bein 
somewhat smaller prior to satellite closest approach (while S is decreasing). Thi 
fact, however, does not uffect the result of the measurement because the number off 
RF cycles transmitted by the satellite between synchronization signals (exactly 2 
minutes apart) must. necessarily equal the number received by the navigator between 
receptions of the synchronization signals, since no RF cycles can be “lost” or “gained.” ~ ; 
The integral doppler measurements are simply the count Ny of the number of ie 
doppler cycles received between #,+At,; and &+At, the count Nx of the number of 
doppler cycles between t+ At, and f,+A%, and so on for all 2-minute intervals during 
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Figure 4438h.—Doppler frequency variation with time. 


the satellite pass. These counts are a direct measure of the amount by which the slant 
range from satellite to navigator has changed (S:—S,, S;—S:, etc.) during the count 
intervals. This measure is quite accurate since each doppler count added (or sub- 
: = tracted) due to the relative motion means that S has decreased (or increased) by one 
wavelength, or by 0.75 meter at 400 MHz. Therefore, one of the required inputs to the 
fix computation (slant range increment over each 2-minute interval) is directly measured 
_ by the AN/SRN-9 integral doppler count, suitably scaled as indicated in figure 4438a. 
Note that the slant ranges S, through S, (and therefore their respective differences, or 
- slant range increments) are all functions of the navigator’s position (¢, 4). Since the 
satellite orbital positions can be calculate. from the data recovered from the signal 
phase modulation by the AN/SRN-9 receiver, and since the navigstor’s estimated 
position every 2 minutes is available, values of estimated slant range from satellite to 
navigator can be computed. These estimated slant ranges are differenced to obtain 
estimated slant range increments, which then can be compared with the slant range 
increments measured by means of the integral doppler counts as already described. 


Unless the navigator’s estimate of his position happens to be exactly correct 
there will, of course, be a difference or residual when each estimated slant range incre- 
ment is subtracted from the corresponding measured increment. The fix calculation 
then consists of changing the navigator’s estimate of position (¢, ) in small steps 
until the sum of the squares of the slant range residuals is minimized, at which point 
the closest achievable agreement exists between the (revised) estimates and the meas- 
ures of slant range increment. The values of ¢ and A so determined (i.e., the r ‘ised 
estimates that yield the smallest residual) are then the fix result, which is print. . out 

+ Lote at the end of the fix computation. 

In practice, two factors complicate this -imple explanation, and therefore represent 
extra computing steps in the fix computation: 

1. The frequency of the satellite oscillator and also that of the reference oscillator 
used in the AN/SRN-9 receiver are constant but not precisely known to the navigator. 

2. The process of minimizing the sum of the squares of the differences between the 
estimated and measured slant range differences calls for a number of different manipu- 
lations to be performed in the computer used to calculate the navigation fix and is, 
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1060 SATELLITE NAVIGATION 


in fact. an iterative process wherein the same mathematical steps are successively 
repeated in the same sequence several times in order to get the final result. 

The absolute values of satellite and navigator’s oscillators are not required in the 
computation provided that they are constant—only their difference is of interest. 
This is the quantity f referred to in figure 4438b and printed out along with ¢ and din | 
the fix results. Since f is now known to the navigator and cannot be directly estimated | 
or measured and since its actual value affects the numbers obtained for the integral | 
2-minute doppler counts measured by the AN/SRN-9 receiver, it must be solved | 
for Gin addition to ¢ and ) in the calculation of the navigation fix. Note that the value 
of f does not affect the estimated slant range increments—only the measured increments 
defined by the integral doppler counts Nz through Nu. There are then three quantities | i 
to be determined by the computer: ¢, A, and f, the last mentioned being of no immediate j 
interest to the navigator but essential to the accurate determination of ¢ and 4. This | 
means that integral doppler counts for at least three 2-minute intervals must be used 
(and preferably more than three) in order to provide three equations in the three 
unknowns, ¢, \, and f. 

That the integral doppler counts N,, and Ny, are directly affected by fis illustrated | 
in figure 4438b, wherein fg is the (constant) frequency of the navigator’s reference _ 
oscillator, fy is the (constant) frequency of the satellite’s transmitter, fp is the received | 
frequency containing the doppler component, and f=fo—fr. The integral doppler 
counts, Ni, etc., are represented by the cross-hatched area in figure 4438b. 

Since the values of three quantities (¢, 4, and f) have to be simultaneously adjusted 
in minimizing the sum of the squares of the differences between estimated and measured 
slant range for three (or more) 2-minute intervals, the computations involve solution 
of a matrix whose general description can be illustrated as follows: 

1. The measured slant range increments are calculated from the integral doppler 
counts for an assumed value of f. Their rate of change as f changes is also determined. 5 : 

2. The navigator’s positions at the times t,, &, etc., are calculated for an assumed jo = = 
initial position (9, ). 

3. Using previously calculated satellite positions at %, t, etc., the estimated 
satellite-navigator slant range increments (for the assumed initial ¢, \ are calculated). 

4. The rate of change (partial derivative) of the estimated slant range increments | 
(item 3 above) with respect to ¢ is determined. i ' 

5. The partial derivative of the estimated slant range increments with respect tod} - 
is ae 

6. The differences (residuals) between measured slant range increments (item 1) 
and estimated slant range increments (item 3) are formed for each 2-minute interval. 

7. Using the derivative of measured slant range increment with respect to f, that of |. 
estimated slant range with respect to ¢, and that of estimated slant range with respect to 
d, new values of ¢, A, and Ff: are calculated such that the sum of the squares of the re- 
siduals will be smaller than before these new values are used. 

8. Steps 1 through 7 are repeated several times until the newly calculated values of 
7, ¢, and 2 differ from the last values used by less than fixed threshold values. At this | 
point the computing stops, and the last set. of values of f, ¢, and dis the final result. i 

4439. Computation algorithms.—In the computations the slant range is calculated © a 
for the beginning and end of each doppler counting interval based on the best estimates 
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of the navigator’s latitude, longitude, altitude above the geoid, and the transmitted 
satellite coordinates. Referring to figure 4438b, the doppler count M2 is repeated: 


trtAts 


N, n= (fof fp)dt. (1) 
tr at 


ia PT ene ae it 


“It should be noted that the time ¢,+ Ai, is the time of receipt of the satellite time mark 
which was transmitted at time At,. Therefore, At,,m=1, . . . n (n=the total number 
of 2-minute intervals observed during one pass) represent the propagation time delay 
for the time mark to travel the distance S,, from the satellite to the receiver. The 
propagation time delay is defined by the slant range distance divided by the speed of 
light: 


152 eenemmannmnnonin monmemninein 





Atn= al C. (2) 
Rearranging equation (1): 


tbls irbAts 
Ni= Sedt— frat. (3) 

trFAt; ty bats 
The first integral in equation 3 is of a const-nt frequency and its integration is 
simple. The second integral is of the changing frequency fz and represents the number 
- of cycles received between the message receipt of two timing marks. It should be noted 
> that the number of cycles received must identically equal the number of cycles 


® transmitted: 
. tr bats 


falt= {" fodt. (4) 


e tbat 


Substituting this expression into equation 3: 


N= (7 folt— [" fadt. (6) 


Since the frequency functions, fz and f7, are assumed constant during a satellite 
. pass, the integration of equation 5 gives: 


Nu=fel(te—t:) + (At—Ah)]—fr(—t). (6) 
Rearranging the terms in equation 6 gives: 
Niu=(fo—Fr) (ta—ti) + fo(Ata—Aty). (7) 


The following comments apply to equation 7. 
The quantity {-—/r is assumed constant during a satellite pass: 


So—fr=f=32 kHz, (8) 
and f¢(At,—At,) can be rewritten as: 
fo 2°); (ate= 52); @) 


defining Lg as the wavelength of the frequency fa: 


Loe ; C=speed of light in vacuum, (10) 


and 
AT = &— ty. 
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Equation 7 becomes: 


fo MUM MRUHEINIIN Mento = 


Ny=f4T2+(1/Le) (S2—S)): ak (au) 


A 
Defining S,—S,=S);. we have an expression for the mezsi. .d siact rane: change’ 
in the k® counting interval: 


A = 
Sx=LeNx—Lefdtx. (12) 
The cartesian coordinates of a satellite are computed from the transmitted fixed 
and variable parameters of the satellite’s position. Likewise, the navigator’s cartesian 


coordinates are computed from his estimated positi-:. and geoidal height. The computed 


slant range at time fx is then: , ; 
Sx= (KAY et Zz), (13) 


where, with subscripts NV’ and S for the navigater and satellite respectively : 
Xx=(Xsx—Y yx); "x= (Vsx—- Yyx), x= (Zsx—Zyx)- 


The computed slant range change between times (; and t,_; is therefore Sp—Sx_}. i 
Defining a residual: ' 


R(G, >, Irx= 5— (Sx—Sx-1). 


If Af doppler intervals are to be used in the computation, Af such functions may 
be computed and F (@, A, f). the sum of the squares of the residuals, may be com- 


Expanding the residuals in a Taylor series about the initial estimates fx, 9x, and Ax, 
then truncating the terms above first degree, this function becomes: 


_ MA [py _2Sx—Sx-1) pg 2(Sx—Seat) 4. DA ATT, Z 
F= a Ee a8 An a Ants SA 7] (15) 


A - 
Since we have just shown that S, is a function of f. and Sx and S,_, are both 
functions of § and X, or 


M 
= t i= G'x, 
. where: ae BS, 
E Af=f—fx 
AG=9—Hx 
AA=A—Ax 


| 
' 
i 
puted: _ 
FOG,» f)= = R(G, d, Ax. (14) 





A 
Re=Sx— (Sx—-Sx-1); 


en and Gx symbolizes the bracketed function in equation 15. 






























































































































































































































































































































































































































































SATELLITE NAVIGATION 1063 | 
To minimize F (4, ee) with respect to ¢, d, f equation 15 is differentiated partially 
with respect to ¢, A, f, the act equated to zero, and the equations divided by 2. 
Ns p BS | , 
Bo 
AM ie 
DF _o._ 34 g, MSe— Se) rf 
A 
OF 9s g_ OSs 
af OB OF 37 
Define the A matrix 
_ASi-S) _ ASi—S) 251 
a¢ on of : 
_ 28:8) _ (SS) 28 : 
Sy Sue)_2(Sv—Su-n) 2 28u | ae 
o¢ Or of | owe 
r 
and the residual matrix | 
R, ! 
= and an error mairix, 
a Ag 
: B=| an 
+ ete . Af, 
and rewrite the G, functions in matrix form. 
As . 
as : 
eS ~ 2 
Ee oS. i 
= s 
RF sity ES Je ROSE occa ee . he 
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SATELLITE NAVIGATION 


AAAS 


0(S:—So) asi— SiS) 
ges Se 


o(S:—S;) 
o¢ 


0(S;—S:) 
ay 


=R, +4 S.aF — 


0($:—S;) 
OA 


=R, +4 S,a7 — Ag— 


ag— 28:8) 


OA - 
=R, +~= 
aap 


ai om rN 


Gu=Rurt 2 8.A7— SiS) ag _218y= 84.) a 
of a 
G=R+-AE. 


Then, in matrix notation: 
A’G= A™(R+ AE]=[0] 


E=—[A™A]“A7R. 
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CHAPTER XLV 
DOPPLER SONAR NAVIGATION 


4501. Introduction.—The doppler effect, first described by Christian Johann Doppler 
in 1842, is observed as a frequency shift resulting from relative motion -between o 
transmitter and receiver or reflector of acoustic or electromagnetic energy. ‘The effect 
on ultrasonic energy is used in doppler sonar speed logs to measure the relative motion 
between the vessel and the reflective sea bottom (for bottom return mode) or suspended . 
particulate matter in the seawater itself (for volume reverberation mode). The velocity | 
so obtained and integrated with respect to time is used in doppler sonar navigators 
to determine position with respect to a start point. ‘he doppler effect is also used in 
docking aids which provide precise speed measurcments. 

The maximum safe docking speed of vessels exceeding about 100,000 dead weight 
tons is of the order of 0.2 feet per second; the berthing facility may collapse when the 
vessel makes contact at a speed in the region of 1 foot per second. When enchoring 
these large vessels without the aid of tugs, a speed of the order of 1 foot per second 
over the ground can result in the loss of the anchor and chain. Anchoring should be 
effected at speeds of less than 0.5 feet per second. Therefore, precise determination 
of the speed of these large vessels with respect to the bottom is essential to safe opera- 
tion. The required speed-measurement increments are of the order of 0.01 knot. 

4502. The Janus configuration (fig. 4502) normally used with doppler sonar 
speed logs and navigators employs four beams of ultrasonic energy, displaced laterally 
90° from each other, and each directed obliquely (30° from the vertical) at the ocean 
floor, to obtain true ground speed in the fore and aft and athwartship directions. 
These speeds are measured as doppler frequency shifts in the reflected beams. 

Under ideal operating conditions (i.e. a calm flat sea), the speeds are expressed 
as follows: 


where: 
1. Vy is the vessel’s speed over the ground in the fore and aft direction; i 
2. Vsi-p is the vessel’s speed over the ground in the athwartship (starboard to | 
port) direction; i 
. F,is the reflected forward beam frequency; 
. Fy is the reflected after beam frequency; 
F,, is the reflected starboard beam frequency ; 
F, is the reflected port beam frequency; 
. F, is the transmitter operating frequency; and 
. Cis the sound speed with respect to the water. 
A development of the above simplified equations from the fundamental doppler 


equation for sound propagation is presented in article 4506. 
1066 
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Fiaure 4502,—Janus ‘configuration. 


4503. Operational errors.—Under actual operating conditions, the deviations from 


’ the ideal or assumed conditions introduce additional terms and nonlinearities not shown 


in the simplified equations. These effects may be classified as transducer orientation. 
errors, vessel motion induced errors, velocity of sound errors, and power loss errors. 
Transducer orientation errors. If the transducers are net properly aligned with the 
vessel’s velocity vector, the speed signal is reduced by the factor, cos a, where a is the 
angle between the transducer plane and the velocity vector. For example, if the trans- 
ducers are aligned when the vessel has no trim, and the vessel is trimmed to angle a, 


. the speed signal is reduced by a factor of cosine a. This error is generally small; for 


example, a trim (or list) of 8° will reduce the fore and aft (or starboard to port) speed 
signal by 1 percent. 

Vessel motion induced errors. Even though the speed of sound is large compared to 
the vessels’ speed, the vessel may roll or pitch a degree or two during the time between 
transmission and reception of a particular wave front. This difference in transmission 
and reception angles will introduce significant errors in single-beam systems. However, 
the Janus configuration (art. 4502) causes the errors to very nearly cancel. For a 2° 
difference between the transmission and reception angle, the error induced, using o 
Janus configuration, is less than 0.1 percent of the speed signal. The forward speed of a 
vessel will also cause differences in transmission and reception angles, but the resulting 
speed errors also tend to cancel. 

The most significant speed error is caused by the fact that, as a vessel rolls or 
pitches, the respective speed signal is reduced by the cosine of the instantaneous roll 
or pitch angle. Since this cosine factor reduces the speed signal for both positive and 
negative values of angles, this error does not cancel. Assuming sinusoidal rolling with a 
maximum roll of 25°, the average roll over one-half cycle is 16°; the cosine factor is 
0.9613. The starboard to port speed signal is reduced by nearly 4 percent. 

Another effect of rolling and pitching is the variation in the amplitude of the 
return signal. As the beam on the high side of a roll or pitch tilts toward the horizon, 
the path length increases and more sound energy is lost in the water. In addition, the 
beam reflection angle is decreasing and less energy is back-scattered along the beam. 
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IDEAL REFLECTION 


ACTUAL REFLECTIONS 


Figure 4503.—Bottom reflection. 


These effects can cause periodic loss of signal, especially when operating near the 
maximum depth in heavy seas. 

The roll ard pitch rates may also cause loss or attenuation of the return signals ¢ 
when narrow, sharply defined ultrasonic beams are used. Under normal operating 
conditions, the aree of the bottom “illuminated” by the transmitted beam is also ¥ 
“seen” by the receiving transducer. However, if the roll (or pitch) rato is very large, J 
the receiving transducer may be rotated sufficiently to reduce the time it takes a wave #- 
front to travel to the bottom and back, so that it no longer “sees” the area illuminated § 
by the tzansinitted beam. In water 400 feet deep and a 3° beam width, the roll rate § 


must be less than 16° per second if the transmitted and received beams are to overlap 5 
at the half-power points. 


Velocity of sound errors. The doppler frequency shifts are dependent upon the a 


velocity of sound in water in the immediate vicinity of the transducer. The actual § 
frequency changes occur as the sound pressure waves move from the face of the trans- §° 
ducer into water undisturbed by the vessel’s hull. Similarly, a received beam undergoes 
a frequency shift as the sound travels from the undisturbed water to the face of the 
receiving transducer. 


One empirical formula for the speed of sound in seawater (ch. XXXYV) is 
C=4422-+11.25T—0.04507?+-0.0182d+-4.3 (S—34), 





where C is the velocity in feet per second, 7’ is the temperature (°F), S is the salinity 
(parts per thousand), and d is the depth below the surface in feet. The velocity of 
sound in seawater is dependent primarily upon temperature which varies from about | 
28°F in polar regions to about 86°F in the Tropics. Over this temperature range, the | ‘ 
velocity varies about 7 percent due to temperature alone. In the open sea, salinity 
varies from about 33 to 36 parts per thousand. However, the salinity in bays, inlets, 
and rivers varies from open-sea values to freshwater values. For example, as one goes | 
from the Chesapeake Bay -vaters at Annapolis to the Atlantic Ocean, the salinity | 
increases about 26 parts per thousand. This salinity change results in more than 1% 
percent increase in velocity due to salinity alone. . 
Since the transmitter oscillator frequency is held constant, the calibration constant | 
(art. 4506) should vary directly as the change in the velocity in seawater. In sume 
doppler speed logs and navigators, the adjustment of the calibration constant may be | 
limited to the effects of temperature change. In some installations a velocimeter may 
be used to determine the velocity of sound in the vicinity of the transducer. $ 
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Power loss errors. The speed information is contained in the frequency of the received 
_ signals. Therefore, the only power requirement is that the signal level be great enough 
for the receivers to separate it from the noise. If the speed signal is lost for very short 
periods at frequent intervals, there will be an erroneous speed indication. If the speed 
signal is lost for longer periods, the speed indication will drop to zero or the natural 
noise level. Commercial equipments have memory circuits that retain the last good 
speed signal until the next one is obtained to update the readout. This supproach is 
not entirely satisfactory during tactical maneuvering. 

Excluding internal system losses, there are two primary areas of power loss: 

1. Power lost in the water during transit to and from the bottom. 

2. Power lost at the bottom on reflection. 
The losses in the water are caused by absorption, scatter, and normal inverse square 
spreading. The absorption and scatter losses are attenuation losses and are exponentially 
proportional to path length. The absorption loss is the energy lost to internal friction 
of the water. At the higher frequencies the loss is very nearly proportional to the 
square of the frequency but tends to become linear as the frequency decreases. The 
scattering loss is caused by the existence of suspended matter in the water that reflects 
or scatters the sound energy. This effect can be useful in that it may permit a doppler 
system to measure velocity with respect to water if the energy scattered back along 
_ the beam is sufficient to activate the receivers. Spreading losses are caused by the 
, @xpansion or spreading of the wave front which then reduces the energy per unit area 
* of the wave front. For spherical waves from a point source, the energy in a wave front, 
neglecting attentuation, is constant. Therefore, the energy density decreases inversely 
as the square of the distance from the source. 


The losses on reflection from the bottom are caused by scatter and absorption. 
In general, the sound energy is reflected from the bottom in all directions, with the 
intensity of sound energy reflected in any pariicular direction being strongly dependent 
upon the angle of incidence and the character of the bottom. 

For a perfectly smooth bottom, the incident sound beam would be reflected 
along the path labeled “ideal reflection” shown in figure 4503. This type of bottom 
would cause loss of a useful return. Actually, there is always a degree of back scatter. 
But for a very smooth mud bottom and a large angle of incidence, the back scatter along 
the incident beam is greatly reduced. The roughness of the bottom to a particular 
sound beam is dependent upon the wavelength of the sound. When the discontinuities 


of the bottom are much smaller than the wavelength, the bottom appears smooth 
and there is little back scatter. 


The angle of incidence of the sound beam is dependent upon the slope of the 
bottom at the point of incidence. In general, the ocean bottcm is similar to land areas 
with respect to valleys, hills, and similar terrain characteristics (art. 3022). Thus, the 
returned energy will vary greatly with the local slope of the bottom where the beam 
strikes it. 

The sound energy absorbed on reflection depends largely on the material of the 
bottom. The average reflection coefficients for mud bottoms are approximately 0.16 
to 0.17, whereas the reflection coefficients for sand bottoms are 0.51 to 0.82. Thus, 
when a system is operating near its maximum depth, a transition from a sand to a 
mud bottom could result in the loss of the signal reflected from the bottom. 

This brief discussion of the factors affecting the power losses in underwster sound 
transmission and losses on reflection from the bottom indicates that the sound power 


ley 


vel at the recci c. will vary over many orders of magnitude due to environmental 
phenomena. 
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< TURBULENCE GENERATED NOISE. 
SCATTER FROM BUBBLES. 










LOW FREQUENCY IN DOPPLER 
SPECTRUM EMPHASIZED BECAUSE 
LOWER SIDE LOBE REFLECTS FROM 
BOTTOM AT MORE’ FAVORABLE ANGLE 
AND WITH SHORTER WATER PATH. 
JANUS ARRAY DOES NOT ELIMINATE 
THIS EFFECT. 


Figure 45u4.—Side lobe reflection. 


4504. Problems aszociated with beam geometry.—As shown in figure 4504, the 2 
side lobe reflects from the bottom at a more favorable angle with a shorter wave path § 
than the riain beam. It is evident from the development in article 4506 that if side lobe 4. 
reception dominates over main beam reception, the result will be that the indicated § 
speed will be lower than the actual speed. The Janus configuration does not eliminate § 
this effect. This effect can be compensated for by transducer design tending to eliminate 
side-lobe effects. However, the beam width must be large enough (about 3° to 6°) to 
‘dlluminate” a sufficient area of the bottom to minimize the effects of bottom relief. 

4505. Basic design considerations include the following: 

Frequency. A high oscillator frequency is desirable for reducing transducer size | _ 
and maximizing the doppler shift. However, at the higher frequencies the absorption b2 
loss (art. 4503) is very nearly proportional to the square of the frequency. As the 
frequency is decreased, the loss tends to become linear. As the frequency is reduced i 
by the designer to obtain greater maximum depth of operation ia the bottom return | . ~~ 
mode, he encounters transducer size problems. Improvement in operating depth ° 
diminishes near 100 kHz while transducer size has increased considerably. Also, as 
discussed in article 4503, the roughness of the bottom to a particular sound beam is 
dependent upon the wavelength of the sound. Therefore, the frequency selected by - 
the designer is a trade off of desired meximum operating depth, transducer size, and . 
bottom composition factors. The region between 150 and 600 kz is finding the greatest | 
application. { - 

| 










Sound transmission. The pulse transmission method permits the use of relatively 
high power for operating at greater depths in the bottom return mode. Continuous 
wave transmission, however, provides more precise velocity resolution permitting na. 
operation with very little clearance between the vessel’s hull and the bottom. Therefore, Fy 
a designer may select pulse transmission for a doppler sonar navigator but continuous ™ 
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wave transmission for a docking system to be used for precise speed measurements 
over a vessel operating with very little clearance. | 
4506. Development of expressions for the vessel’s speed in the fore and aft 
and athwartship directions—The doppler equation for sound propagation may be | 
expressed as i 
= =f, C+V.—Vo), | 
C+V,—V; : 
where F, is the frequency detected by the observer, F, is the frequency-of the source, i 
Cis the speed of sound in the medium, V,, is the speed of the medium, V, is the speed 
of the observer, and V, is the speed of the source. All speeds are velocity components 
along the direction of sound propagation and are considered positive if moving in the 
same direction as the sound. Consider as shown in figure 4506a, the situation where 
the sound source (transmitter A) and observer (receiver A) are connected and moving 
= at velocity V, with respect to the ground. Similarly consider transmitter B-and 
receiver B connected and moving at velocity Vz. Vw represents the water velocity 
with respect to the ground; C represents the sound velocity with respect to the water. 
If transmitter A has a frequency F,, the frequency received by receiver B is given by 


= is C+Va—Ve 7 
p : Pee P (Gyo) 


i Assuming that transmitter B always emits the same frequency received by receiver B, 
a2 62%, : then receiver 4 receives a frequency given by 





| 
_ an (CH—Ve)—(-Va)), 
Fa=Fo\ GE (—Vy)=(—Ve) 
E 
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Frevre 4505a.—Sound transmitters and receivers in a moving medium. 
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The signs of Vw, Va, and Vz are negative because they are directed opposite the sound 
propagation between transmitter B and receiver A. Thus, the srequency received by 7 
receiver A may be written as 


C+Vw—Vs\ (C—Vy +V 4 
h=F, (Ga) caver) 


If the transmitter-receiver unit, B, is stationary with respect to the ground, Vs=0. } 
Then, receiver A will receive a frequency given by 


mak. (oxy,v,)(o=¥e) 


If unit A is attached to a vessel’s hull, and a reflector, the ocean bottom, is considered | | 
to act in the same manner as unit B, then the vessel’s speed over the ground can be } 
derived from the doppler shift, F,—F,. 

Because the ultrasonic beam is not usually directed along the vessel’s velocity 
vector and only a component of velocity along the beam results in a doppler shift, the # 
doppler equation as given must be modified. 

Inspection of the Janus arrangement shown in figure 4506b reveals that the com- 
ponents of the vessel’s velocity (V,.) and the water’s velocity (Vw) in the fore and aft 2 
plane which cause doppler shifts are cosine projections along the ultrasonic beam. These 5 
components for the forward beam are V,, cos 6 and Vy cos 6, respectively. 

For forward velocities, the reflected forward beam frequency, F,, is increased; and % 
the reflected after beam frequency, Fy, is decreased. If there were vertical velocity 3 
components, their sine projections along the beams would cause doppler frequency & 
shifts. However, for vertical velocities, the frequencies of both the forward and after 3 
beams would be shifted in the same direction and by the same amount. No significant § 
change of the difference frequency would be observed. 3 
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AFTER BEAM FORWARD BEAM 
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Fravre 4506b.—Janus fore and aft beams. 
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If the vessel is pitching, the received signal will not return to the receiver at 
» exactly the same angle at which it was transmitted. Thus, the reflected forward beam 
frequency is given by 


=F (ano es C+Vy cos 6 ae So) (= Vw cos 0'+V,, cos 0’ )}: 
i,=F, C+Vy cos 0—V,, cos 0 C—Viy cos 6’ 


where @ is the beam angle with the vessel’s fore and aft axis at transmission and 6’ is the 
beam angle at reception. 

The reflected after beam frequency is given by the same equation except that @ 
and 6’ are replaced by ¢ and ¢’, respectively, The fact that the after beam is directed 
aft is accounted for in the cosine projections, i.e., cos ¢ and cos ¢’ are negative. 


~ C+Vy cos ¢ ) C—Vw cos ¢/+V,, cos ¢’ | 
feces IG Vw cos ¢— Vy. Cos ¢. ( O—Vy cos ¢’ ) . 


Since the doppler shifts of the forward and after beams are in opposite directions, 
the difference between the frequencies of the two reflected beams is used to determine 
the vessel’s fore and aft speed. If the sum of the frequencies were used, the doppler 

* shifts would be cancelled. The difference frequency or speed signal is given by 


F,~F.=F, (Gases, C+Vywy cos 6 ) (ee ie cost cos 6’-+-Vy, cos 6" ) 
ei = C+Viv cos 0—Vj_ cos 8 C—Vy cos 6” 


mya 


C+Vy cos ¢ ar hee) (5 ee eet cos @’-+ 77, cos ¢’ oP ceo te ce) 
~\O+V y cos $—Vy, 008 ¢. C—V yw cos ¢’ 


OW 


Several approximations can be made to simplify this equation. Multiplying the two 
factors in the numerator of the first term gives 


. (C+V wy cos 6) (C—Vywy cos 9’+Vj_ cos 0’) =C?—CV wy cos 6’ i 
+CV,, cos 6’ +CV y cos 0—V*y cos 0 cos 6’+Vy,V 7 cos 6 cos 6’. ws 
Multiplying the two factors in the denominator of the first term by 1/C? gives 
(C+Vy cos 2—V,, cos 0) (C—Vy cos 8’) =C’—CV x cos 0’ 
+CV yw cos 9—V "x cos 6 cos 6’ —CV x, c0S 0-+ ViaV iy cos 6 cos 6’, 


By multiplying both the numerator and the denominator of the first term by 1/C? we 
obtain: 


1/C?(C?—CV w cos 6’+CV,,, cos 6’ +CV w cos 8@— Vr cos 8 cos 6’-+V jz, cos 8 cos 6’) ; 
1/C?(C?+-CV x cos 6—CV;, cos 9—CV » cos 0’— Vz cos 6 cos 8’ -+V pV » cos @ cos 0’) 


* Since C>>V~y or Vy, terms containing V*,/C? and Vi. Vr/C?’, along with trigonometric 
functions can be neglected. The first term then becomes: 


1/C?{C?—CV x cos 5’+CV,,, cos 0’+CV ww cos 8) C(C+V 5s, cos 8’) +CV w (cos 8—cos 6’) 
1/C?(C?-+-CV w cos 6—CV,, cos 0—CV » cos 6’) C(C—Vy_ cos 6) CV w (cos 6—cos 0") 


—(C+V 0 cos 6’)-+V iw (cos 6—cos 6’) 
~~ (C=Vjz, cos 8)+V ry (cos 6—cos 6’) © 
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The second term of the equation can be simplified by similar approximations. The 
equation can then be written as: 


_PePF [| {ote cos 0')+-V w (cos @—cos =| 
. (C—Vy_ cos 6) +V wr (cos 8—cos 6’) J: 


os { (C+V jy. cos ¢’) , Vw (cos ¢—cos ¢’) |] 
(C—V4_, e083 ¢) ' Vir (cos ¢—cos¢’)} _} 
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Since the transmitted and received angles are very nearly the same, the cosine difference 
terms can also be neglected. Then, 


1 F< F, [See Vracos 6’) (C+-Vy_ cos ¢’) ]_ 
: (C—Vy,0080) (C—Vyq cos ¢) 


or 


-1 





—Fj= =F, | (14-Y400s0") (1-44 cos 8) -(14"4 fe 


Expanding the factors with the negative exponent in power series and seni cs gives: 





F,—F,=F, [a+ £2 eos 6 (+s = cos ote # cos? op Vote G3 £ cos? 6+. ..) 


— (14% cos ¢ Na+ cos ot Ge £8 eos? ot Ge 2 cos? 6+ . ..)] 
Multiplying the factors and retaining only first order terms, 
F,—F =F, G (cos 6+-cos 6’—cos ¢—cos “|. 
Assuming that 626’ and ¢2¢9’, the cosines are very nearly equal. Then, 


Fy Fee (cos 6—cos ¢). 


With @=60° and ¢=120°, 


Fr EV. 





equation applies to the athwartship component: 


F,,—F,= a ae 





ne 


quency, and V,,_, is the athwartship (starboard to port) velocity. 
The speed indication, S,, is given by: i 
ee 


S=kV(F,—-Fiy'+ Fu—F)* 


OV Ciran) 





where V,, is the vessel’s velocity component in the fore and aft direction. A similar ~ ~~ 


where F,, is the reflected starboard beam frequency, F, is the reflected port beam fre- ; - 
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Thus, when the system calibration constant, k, has the value 


ey 


2F, 


the speed indication is equal to the actual speed, V. 


The drift angle 
Vue 
— ~~! st-<p 
=tan™ (“9*) 
Fy.—F, 
_toyn-i (tse \, 
= C=) 
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CHAPTER XLVI 


INTRODUCTION TO INERTIAL NAVIGATION 


4601. Introduction.—Znertial navigation is the process of measuring a craft's 
velocity, attitude, and displacement from a known start point through sensing the 
accelerations acting on it in known directions by means of devices that mechanize 
Newton’s laws of motion (art. 1407). Since these laws are expressed relative to inertial 
space (the fixed stars), the term “inertial” is applied to the process. 

Inertial navigation is described as “self-contained,” that is, independent of external 
aids to navigation. It is also described as “passive” because no energy is emitted to 
obtain information from an external source. Thus, inertial navigation is fundamentally 
different from other methods of navigation because it depends only on measurements 
made within the craft being navigated. i 

Inertial navigation is often referred tu as a dead reckoning method because posi- ° 
tion is obtained by measuring displacements from a start point in accordance with 
the motion of the craft. 

4602. The basic principle of inertial navigation is the measurement of the accelera- 
tions acting on a craft, other than those not associated with its orientation or motion 
with respect to the earth, and the double integration of these accelerations along knowa 

’ directions to obtain the displacement from the start point. 

If the indicated acceleration of the craft from rest is constant, velocity and dis- 
tance traveled can be found from the equations: 


vo=at, 
and 
s=1/2 at?, 


where a is the acceleration, v is the velocity, s is the distance, and t is the time. But the 
acceleration must be constant. The equations cannot be used for varying accelerations 
unless very small time increments are used, and the increments of velocity or distance 
are integrated (art. 147, vol. II). The equations, using the calculus notation are 


v= f adt 
s= [fo dt, 


where dt denotes a very small increment of time. 

4603. Inertial sensors used in the mechanization of Newton’s laws of motion, 
hereafter called the inertial navigator or navigator, are gyroscopes (art. 630) and ac- 
celerometers. The gyroscopes sense angular motions of the vessel. The accelerometers 
sense the vessel’s linear accelerations which sre changes in linear velocity. The inertial 
' sensors are subject to all motions of the vessel in inertial space. Since some of these 
be. motions do not change the vessel’s position or orientation on the earth and since the 
attitude and motion of the inertial navigator with respect to the earth is desired, it is 
necessary to apply certain corrections to the inertial motions (art. 4604) sensed in 
order to obtain the corresponding earth referenced values. 
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INTRODUCTION TO INERTIAL NAVIGATION 1077 


Although the gyroscope is discussed in some detail in article 630, the following 
discussion of this inertial sensor is written to meet the needs of an introductory treat- 
ment of inertial navigation. 

The principle of conservation of angular momentum siates that a system will 
maintain its angular momentum if no external forces are applied to it. Thus, the rotor 
(mass) of a gyroscope must maintain a constant angular momentum about it~ spin 
axis if no external forces are applied. Both the amplitude and direction of the angular 
momentum must be conserved. The spin axis, therefore, tends to maintain the same 
direction in inertial space. This property is called gyroscopic inertia or rigidity in space. 

If a rotational or couple force is applied to the rotor through the gyroscope’s 
supports, an additional angular momentum is introduced and the gyroscope’s orienta- 
tion will change to include this along with its original angular momentum about the 
spin axis and the axis of the applied force. This property of the gyroscope is called 
precession. 

’ Precession causes the gyroscope to tend to align its spin axis with the axis of the 
applied torque (fig. 4603a). If the axis of applied torque is designated as the input axis, 
then the precession of the gyroscope can be determined by rotating the spin axis into 
the input axis through the smaller angle. Using this nomenclature the axis of precession 
is often called the output axis. 

. : The rigidity of a gyroscope produces a phenomenon called apparent precession. 

v This is due to the fact that as the gyroscope maintains its original orientation in space, | 
the earth turns beneath it. As a result, to an observer on the earth, the gyroscope appeats 
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: to turn or precess when actually it remains fixed in space. This apparent precession is 
shown in figure 4603b. If it is desired to have the gyroscope maintain an orientation 
referenced to the earth, it must be precessed (torqued) in such a manner as to remove 
the apparent precession. 

The gyroscope described above is known as a two-degree-of-freedom gyroscope. 
It consists of an axially symmetric rotor supported in a case in such a way that one 
point on the axis is fixed relative to the case and the spin axis itself is free to assume any 
angular orientation relative to the case. A gimbai system supports the rotor within the 
case and provides angular freedom. An example of such an arrangement is shown in 

‘ figure 4803c. 

BS The spin axis has the ability to move about two axes with respect to the case 
(the enclosure not shown to which the gimbal system is attached). The gyroscope 
rotor is free to precess about either of the two supporting gimbal axes depending j 
upon where the force is applied. 5 

For practical application of the gyroscope to an inertial navigator it is more i. 
useful to design a gyroscope which is able to precess about only one axis called the 
4 output axis. Such a gyroscope will respond (precess) to rotations of the case about an 
a axis known as the ..put axis. This allows the gyroscope to perform a contro! function 
: * with respect to an axis. With three such gyroscopes, mounted on a platform such that 
the input axes are mutually perpendicular, three-dimensional attitude control of the 
platform is obtained. Any component of rotation about the input axis causes a rotation 
about the output axis and can be sensed and used to control the orientation of the 
platform on which the gyroscope is mounted. 

By attaching the outer gimbal of figure 4603c rigidly to the case such a configura- 
tion is obtained. The gyroscope now has just one axis of freedom with respect to the 
case about which it can precess. This is called a single-degree-of-freedom gyroscope = 
(fig. 4603d). * 

Velocity is the linear rate of change of position. If the velocity is known it can be 
integrated with respect to time to determine the change in position. However, velocity 
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Ficure 4603a.—Precession of a gyroscope. 


cannot be sensed or measured with an inertial device since there is nothing inertially to 
distinguish one velocity from another. 

A body at rest will remain at rest unless acted upon by an external force, and a body 
in motion will retain the motion unless acted upon by an external force. By measuring 
forces acting on a test mass, changes in velocity can be detected. This rate of change in 
velocity, called acceleration, is what accelerometers meusure. The measuring device is 


properly called an accelerometer; but, since the integration is a simple step, the term 
velocity meter often is used. 


In its simplest form, the accelerometer consists cf a test mass, as shown in figure 
4603e, constrained to measure accelerations in a particular direction (the sensitive axis) 
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Freure 4603d.—Single-degree-of-freedcm 
gyroscope. 





OUTPUT 


gyrcscope. 


nels 
with a scale, or other appropriate device, to indicate ‘is outp .. Tf the frame is acceler- 
ated to the right (fig. 46( .e) the test mass lags behind since tne arceleration is applied 
to the frame, not the test mass. The test mass displaces enough for the constraining 
springs to apply a force proportional to the acceleration. ‘The test mass then moves 
with the case maintaining its constant displacement. When the acceleration is removed 
from the frame, the constraining springs cause the test mass t> move (with respect to 
the case) back to the neutral position. Thus, a body at rest or a body at constant 
velocity (zero acceleration) causes no displacement, providing the accelerometer is he'd * 
horizontal. If the accelerometer is tilted or placed on end, the force of gravity causes 
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Figure 46038c.—Two-degree-of-freedom | 
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1080 INTRODUCTION TO INERTIAL NAVIGATION 


the mass to move in the same way as does an actual acceleration, even though the frame 
is at rest. c 

This basic accelerometer denaonstrates the principle of operation of inertial acceler- 
ometers. It must be kept in mind that these inertial accelerometers are sensitive to more 
than just the accelerations with respect to the earth. Since they are sensitive to ac- 
celerations in spac their output inciudes other inertial accelerations which are not due 
to travel over the earth’s surface. A compensation must be made for these inertial 
accelerations so that the quantity left is the acceleration with respect to the earth. 
What these inertial accelerations are and how a compensation is made is discussed in 
article 4604. 

4604. Inertial motions.—The motions affecting the inertial sensors may be divided 
into two categories: rotations and accelerations. The rotations are: 

1. craft’s roll, pitch, and yaw, 

2. earth’s rotation (earth rate), 

3. changes in latitude and longitude. 
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Fiaure 4603e.—Basic accelerometer. 
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Tho accelerations of concern are: 

1. craft’s acceleration with respect to the earth, 

2. acceleration of gravity, 

3. Coriolis acceleration. 

Some of these motions are interrelated. For example, Coriolis acceleration results from 
the rotation of the earth. The rotation of the earth has an affect on gravity. There can 
be no latitude or longitude changes without acceleration with respect to the earth. 

There are some inertial motions whose effects are negligible; that is, their effects are 
below the sensitivity level of the sensors. These motions are precession and nutation 
(art. 1419) and the acceleration of the earth in its orbit in accordance with Kepler’s 
second law (art. 1407). 

The revolution of the earth about the sun is included in the total earth rate, which 
equals the vector sum of the earth’s rotation and revolution. 

Since the inertial’ navigator deals with the earth referenced values of velocity, 
attitude, and position, and, since the gyroscopes maintain direction v “‘h respect to 
inertial space, it is necessary that the gyroscopes be controlled to ria. + a reference 
with respect to the earth. In the discussion of the inertial navigate. wich follows, 
the earth reference used is the local vertical and an orientaticn with respsct to true 
north. 

The rotation of the earth causes the local vertical for a given position to change 
its direction in space. This change is not obvious to anyone on the earth because the 
local vertical maintains the same orientation with respect to the earth. To prevent 
the local vertical indication of the inertial navigator from being stationary in space 
due to rigidity in space (apparent precession), an earth rate torquing signal is applied 
so that the inertial navigator rotates about the earth’s spin axis at the same rate that 
the earth does. As a result, the inertial navigator, which is controlled by the gyro- 
scopes, maintains the desired orientation with respect to the earth as the earth rotates 
in inertial space. 

The earth rate torquing signal is only one part of the total torquing signal going 
to each gyroscope. The change in position of the inertial navigator on the earth’s 
surface also causes the local vertical to change direction in space. This is due to the 
fact that .: going from one position to another the inertial navigator is changing 
_ from one locs: vertical to another. This is demonstrated in figure 46040. As the inertial 

navigator travels over the earth’s curved surface from position 1 to position 2, the 
“correct’’ orientation is shown by the solid line fgure at position 2. The broken line 


: 


, figure represents the inertial navigator after the change in position without compensa- 


tion for the change in the local vertical. 

Each gyroscope must also be torqued because of its own internal drift with respect 
to inertial space. This precession can be caused by such factors as internal torques 
produced by friction and mass imbalance. The compensation applied for this drift 
is called gyro bias. 

As shown in figure 4604a, the total angular change in the local vertical in moving 
from position 1 to position 2 is represented by @. The value of 6, expressed in radians, 
is a function of the distance traveled, S, and the radius of the earth, 2. Stated mathe- 
matically, this is: 
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1082 INTRODUCTION TO INERTIAL NAVIGATION ; 
i 

However, the quantity of interest in maintaining the correct orientation to the local i 
vertical due to change in position is the rate ef change of @ with respect to time. As- | 
suming 7? to be constant, i 
do_1 ds. | 

dt R dt i 


Since the time rate of change of distance, S, is velocity, V, 


da V 


dt Rk 


Thus, the appropriate gyroscopes must be torqued at this rate so that the vertical 
indication of the inertial navigator will remain correvt as the craft moves over the 
curved surface of the earth. When the gyroscopes receive a properly calibrated signal 
to compensate for the change in the local vertical due to movement over the earth, , 
: the system is said to be Schuler tuned. i 
- If the accelerometer is tilted, it will be affected by gravity. The output which | 
would be produced would not be due to any accelerstion of the inertial navigator with | 
respect to the carth and so a compensation must be made. The simplest solution for | 
elimination of the effect of gravity is to place the accelerometer so that its sensitive | 
axis is perpendicular to gravity. Since all accelerations which result in a change in i 
: position are perpendicular to the local vertical, this orientation allows the accelerometer | 
* to measure these accelerations without being affected by gravity. Two accelerometers, | 
; then, are placed perpendicular to the local vertical and perpendicular to each other so 
; that together they can measure any acceleration which will result in a change of posi- 
tion on the earth’s surface. A third accelerometer is necessary to measure any accelera- 
tions of the navigator along the local vertical. This one also senses the total magnitude 
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Fictre 4604a.—Change in local vertical with movement ove: earth’s surface. 
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of gravity acceleration which is compensated for in the computer of the inertial 


l 
navigator. 
Another acceleration occuring in inertial space which is not an acceleration with . 






respect to the earth is Coriolis acceleration. Since the inertially oriented accelerometers 
produce outputs due to Coriolis acceleration, s» compensation must be made. This is 
not a difficult problem because the Coriolis acceleration can be calculated and therefore 
removed from the output of an accelerometer befcre that output is used to provide 
inertial navigator values. 

A body experiences Coriolis acceleration when it travels over a rotating surface 
in a direction perpendicular to the axis of rotation. The acceleration is not within the 
reference frame of the rotating body, but within the reference frame in which the body 
is rotating. A merry-go-round can be used to illustrate the often misunderstood Coriolis 
acceleration phenomenon. 

If as shown in figure 4604b a ticket-taker starts from the center with a velocity, », 
toward horse A, he will reach the horse at some finite time, /, later. With respect to the 
merry-go-round he traveled at a constant velocity and therefore did not accelerate. How- 
ever, when using the ground below the merry-go-round as the reference in which to Z 
make the measurements of his motion, it can be seen that in the time it takes for the 

- man to get to the horse, the horse has moved to position A’. This is due to the rotation, 
w, of the merry-go-round. The path of the man with respect to the ground is shown as 













Figur 4604b.— Motion on a merry-go-round. 














































































































































































































1084 INTRODUCTION TO INERTIAL NAVIGATION 


the solid curve even though his velocity with respect to the merry-go-round is directed 
radially at all times as shown by the two representative vectors along the path. 

The Coriolis acceleration which causes the path over the ground to curve is deter- 
mined as follows: 

While going from the center to the horse the man was moved (with respect to the 
ground) counterclockwise, a distance 8. This distance, written in terms of the accelera- 
tion which produced it, is: 


S=1/2 at’. 


me aN 


The distance may also be expressed in terms of the angle @ (which equals the angular | 
rate, w, of the merry-go-round multiplied by the time, ¢, involved) and the radius 
(which equals the velocity, v, of the man with respect to the merry-go-round multiplied 
by the time, ¢, involved). This expression is: 





enn 


S=tt=otlot=wo0t?. 
By equating these two expressions and solving for a, 


1/2 a?=woe?, 
=20w. 


4605. Stabie platform.—The function of the accelerometers in the inertial navigator 
is to sense the accelerations of the craft with respect to the earth so that a computer can 
determine the craft’s velocity, attitude, and position. The function of the gyroscopes is 
to maintain the accelerometers in the correct orientation to measure these accelerations. 
The function of the gimbals is to provide the physical support for the gyroscopes and 
accelerometers, and provide three degrees of freedom with respect to the craft. The gim- 
bals, gyroscopes, and accelerometers together with associated electronics and gimbal 
torquer motors form a stable platform. ~ 

The function of the stable platform is to establish and maintain a reference system 
in which the measurements necessary to produce the navigator outputs are taken. The 
reference system most commonly used is based upon the local vertical and the direction 
of north. Both of these are referenced to the earth. As a result, “stable” in stable platform 
means fixed to or stable with respect to the earth. This means than any motion or force 
which might disturb the reference system must be accounted for and its effect must be 
eliminated. This would include motions in inertial space (art. 4604) as well as motions 
of the craft in which the navigator is mounted. 

Since the craft in which the stable platform is mounted operates in three dimen- j - 
sional space, it has three degrees of freedom with respect to the earth. In order to main- 
tain a reference fixed to the earth, the stable platform must have three degrees of free- 
dom with respect to the craft. The stable platform contains three gimbals, one for each 
degree of freedom necessary for the stable platform. Each gimbal has rotational freedom 
about one axis with respect to its supporting element. The gimbal can be driven with 
respect to its support about the gimbal axis by a gimbal torquing motor. 

In the configuration shown in figure 4605a, the gimbal which is supported by the 
craft is called the pitch gimbal. The pitch gimbal in turn supports the roll gimbel on 
an axis perpendicular to the pitch axis. The roll gimbal supports the heading or azimuth 
gimbal. The heading gimbal has one degree of freedom with respect to the roll gimbal, 
and rotational movement about the heading gimbal axis with respect to the roll gimbal 
is a change in heading. The heading gimbal through its own axis and the axes of the 
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the craft in which the platform is mounted. The heading gimbal is able to assume any 
orientation with respect to the craft within the limits of the gimbal physical restraints. 

The heading gimbal, then, is the reference system which the stable platform main- 
tains in some desired orientation with respect to the earth. Mounted on the heading 


gimbal are the accelerometers whose sensitive axes must be maintained within the 
desired reference system. 


The following discussion of a single-deorse-of-freedom stable platform (useful for 
training purposes only) is presented as an ai. » understanding how the stable platform 
functions to maintain the reference system. 

As shown in figure 4605b, the single-degree-of-freedom stable platform consists 
of a single-degree-of-freedom gyroscope, an accelerometer with integrator (velocity 
meter), a gimbal with rocational freedom about one axis with respect to the supporting 
craft, and a torquer motor which drives the gimbal with respect to the craft about the 
gimbal axis. The gyroscope input axis is aligned to the gimbal axis, and the input axis 
of the accelerometer is aligned perpendicular to the gimbal axis. 

As discussed in article 4604, there are several motions which can disturb the 
orientation of the heading gimbal. These are divided into rotations and linear accel- 
erations. Some of these motions do not change the craft’s position or orientation on 
the earth. The single-degree-of-freedom platform can be used to examine each motion. 
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Frieure 4605a.—Stable platform. 
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If the supporting craft should undergo any. base motion (roll, pitch, or yaw) about | 
the gimbal axis, the platform through friction in the gimbel axis would also start to | 
rotate about the axis with respect to the earth. The rotation rate of the gimbal with | 
respect to the earth would not be nearly so great as the rotation rate of the craft about | 
this axis because the axis is made as frictionless as possible. There could, however, be © 
some displacement of the gimbal. The gyroscope would sense this instantaneously since 
its input axis is aligned with the axis of the platform. This disturbance about the gyro- 
scope’s input axis would cause an output from the gyroscope. This output would go to 
and excite the gimbal torquing motor which in turn would drive the gimbal with respect 
to the craft about the gimbal axis. 

The gimbal, gyroscope, and torquer motor form a closed system or closed loop. 
The gyroscope senses any rotation of the platform with respect to the earth, and the 
gyroscope output drives the gimbal through the torquer motor at the exact rate neces- 
sary to maintain its orientation with respect to the earth. If the rate of platform 
disturbance increases or decreases, the gyroscope output signal increases or decreases 
to keep the gimbal in the same position relative to the earth. This keeps the acceler- ; 
ometer in the original position because the reaction of the gimbal, gyroscope, and torquer 
motor loop is instantaneous and linear. 

The rotation of the earth (earth rate) is another motion that tends to disturb the 
heading gimbal. Figure 4605b shows the earth rate torquing signal as a part of the total 
gyroscope torquing signal. The value of this signal is a function of the orientation of the 
gyroscope’s input axis with respect to the earth’s axis of rotation. The effect of the 
torquing signal is to rotate the platform about its axis in space at the same rate that 
the earth is rotating about this axis so that the platform maintains its orientation with 
respect to the eerth. 
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Ficure 4605b.—Single-degree-of-freedom stable platform used for training purposes only. 
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The single-degree-of-freedom stable platform is also compensated for any disturb- 
ing effects of Coriolis acceleration and gravity accelerativu. As shown in figure 4605b, 
the usual procedure is to make a correction to the output of the velocity meter in the 
computer of the inertial navigator. (If these errors are not compensated, they become 
part of the Schuler tuning gyroscope torquing signal and cause this signal to be in 
error.) 

As indicated in article 4604, the purpose of Schuler tuning is to insure that the 
vertical indication of the inertial navigator remains correct as the craft moves over 
the curved surface of the earth. Two Schuler tuned loops are needed to maintain the 
desired orientation of the local vertical. One, called the X Schuler loop, consists of the 
X gyroscope and Y velocity meter, and controls the vertical indication about the input 
axis of the X gyroscope which is positioned in the horizontal plane normally in a nortk- 
south alignment. The other, the ¥ Schuler loop, consists of the Y gyroscope and X 
velocity meter, and controls the vertical indication about the input axis of the Y 
gyroscope which is in the horizontal plane perpendicular to the X gyroscope input 
axis. Since these Schuler loops are identical in operation, only the X Schuler loop will 
be examined. 

Figure 4605c is a block diagram of the X Schur loop. This figure shows only 
those signals primarily concerned with that characteristic of the inertial navigator 
called Schuler tuning. Other signals such as earth rate, gimbal movements due to ve- 
_ hicle base motions, gyro bias and drift, and Coriolis acceleration are not represented. 
* The inputs to the accelerometer are the acceleration of the vehicle in the Y direction 
_ (AY) and the gravity acceleration (g-ALX) caused by a tilt about the X axis (ALX). 

The actual value of gravity acceleration is g sin ALX but ALX is small enough to write 
this as g-A1X. The inputs to the gyroscope are the accelerometer output scaled to be 
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the Schuler gyro torquing signa! and the rotation in space about the gyroscope’s input @ 
axis due to the craft’s movement over the surface of the earth. 

Without tilt, no gravity acceleration is sensed by the accelerometer. The only 
input is an acceleration of the craft (AY) which produces the integrated output, 
velocity in the Y direction (VY). This is Schuler tuned by using the effective earth’s 
radius as the scaling factor, and the signal that results (pxc) is the computed value of 
angular rate of change of the vertical indication about the X axis. This should match 
the actual rate represented by px. When this happens there is no gyroscope output 
and therefore no tilt. Hence the system maintains its correct vertical indication and 
is properly Schuler tuned. 

With the system Schuler tuned, if a tilt arises, the accelerometer has an output 
due to gravity (g-47X) which when integrated with time is represented as VY. This 
value is also scaled in the Schuler loop and becomes part of the gyro torquing signal. 
In fact, the accelerometer is incapable of distinguishing between craft accelerations and 
gravity accelerations due to tilt. This error in the gyro torquing signal causes the platform 
to turn at a rate different from its space angular rate due to change in position. For- 
tunately, this error always drives the platform toward the proper vertical indication, 
decreasing MX. 

However, as the tilt is decreasing, the gyroscope torquing signal causing the tilt to 
disappear is increasing because it is the integral of the tilt. As a result when MX=0, pxc 
is a maximum and the platform continues to drive about the X axis causing a tilt 
to build up in the opposite sense. This g-(—AZX) is integrated with time and causes 
the gyroscope torquing signal to decrease as the tilt, builds up. The gyroscope torquing 
signal will be zero when the tilt has reached the original value with opposite sense. 
This tilt in turn causes the platform to drive back toward the vertical, and the process 
repeats itself in a mirror image. The process will continue to repeat itself, oscillating 
back and forth about the correct vertical indication. 

This oscillation about the vertical is called Schuler oscillation. It has the char- 
acteristics of a pendulum whose length is equal to the earth’s radius. This Schuler 
pendulum (art. 635) has a period of oscillation of about 84.4 minutes. 

In the presence of such an oscillation, the platform would never settle to the 
vertical. Such a platform would yield erroneous values of ground velocity, and there- 
fore, erroneous values of latitude, longitude, and heading. All of the data generated 
from the vertical loop would be varying about the true values by virtue of the oscilla- 
tion. Provisions must be made for “damping” or settling this oscillation. 

4606. Damping refers to the process of reducing the amplitude of the oscillation in 
the vertical. To reduce the amplitude of the oscillation, the velocity caused by the | } 
gravity acceleration must be caused to come to zero at an angle 6 which is smaller each : 
oscillation. After several oscillations, the angle @ and the gravity induced velocity are — 
nade to be zero at the same instant. The amount of velocity (due to tilt) is determined . 
by the angle of tilt and the amount of time the platform stays off the vertical. The *. 
roaximum angle of tilt is that angle at which the signal from the accelerometer begins 
to change in response to the gravity acceleration, and thereby starts the platform back 
to the vertical. The maximum rate of change of tilt occurs as the platform passes : 
through the vertical. Since erection to the vertical is desired, maximum damping must | 
occur as the tilt angle passes through zero. A change in the vertical loop gain such that © 
the gain is minimum as the tilt angle passes through zero, and maximum when the 
tut is maximum, yields the desired damping. A method of detecting the presence and 
magnitude of tilt, and of using a signal proportional to the rate of change of tilt h.. 
to vary the gain of the vertical loop is necessary, then, to damp the vertical. he 
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INTRODUCTION TO INERTIAL NAVIGATION 


To detect the presence of rate of- change of tilt, the change in velocity output of 
the accelerometer due to actual change in velocity of the craft must be distinguished 
from an output change due to gravity. To accomplish this differentiation, a secondary 
source of craft velocity unrelated to the accelerometers, and unaffected by gravity, 
must be used. By subtracting this secondary reference velocity from the accelerometer 
output, the actual craft velocity is cancelled out (if the secondary reference is accurate). 
The difference is the rate of change of tilt. This signal is maximum as 6 passes through 
zero. 

Since maximum damping is desired as 6 passes through zero, a portion of this 
signal can be used for damping the vertical loop. It has the desired characteristic of 
being maximum in respect to the velocity signal when the platform is being driven 
through the vertical and minimum when the platform is a maximum tilt. Figure 4606 
shows the block diagram of a damped vertical loop. The secondary velocity signal 
(VRL) from the electromagnetic log is resolved into the north and east components 
and subtracted from the inertial velocity. The velocity difference, AV, is multiplied by 
the damping constant (K) and applied as an input to the first integrator. This signal 
(AV) should represent the integral of the acceleration due to platform tilt, i.e., platform 
tilt rate. It is greatest when the platform crosses the vertical. Fed back in such a way 
as to subtract from and thereby reduce the velocity signal, it will settle or damp the 


_ vertical by reducing the amplitude of the maxime of the velocity oscillations. 


Any velocity difference (AV) (inertial velocity in respect to secondary velocity) 


_ appears as a damping signal. A premium is placed on the secondary velocity source 
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Ficure 4606.—Block diagram of a damped vertical loop. 
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in this system because inaccurate response o! the secondary velocity is interpreted by 
the damping circuitry as a tilt. When the reference velocity is noisy or inaccurate, a 


forced error is caused to appear in the vertical due to the damping circuitry. To prevent ' 


(or minimize) these crrors, the value of K must be kept low (much less than unity), 
the secondary velocity source must be of good quality, or the damping circuit must be 
disabled during periods of error in the secondary source. 

The electromagnetic log (art. 613) is subject to several errors. It does not measure 
the actual speed over the ground; in the presence of a curreni, there is a constant 
difference between the two velocities. The EM log lags the accelerometer in response 
to e change in velocity. The EM log is not usable in turbulent or shallow water, and 
its velocity components vary irregularly during ship maneuvers. 

Figure 4606 shows a vertical loop which settles with a constant small tilt in the 
vertical when there is a constant AV. The constant tilt gives rise to an accelerometer 
output just equai and opposite to the product of AV and the damping constant. There . 
is no error in the inertial velocity signal, however, and transient vertical disturbances 
are settled out.-Constant electromagnetic log errors can be compensated by a technique 
known as “third-order damping.” 

4607. Stabilization loop.—When going from the single-degrec-of-freedom to the j 
three-degree-of-freedom stable platform of a practical inertial navigator, provision 
must be made for the fact that a gimbal is rotated about a gyroscope’s input axis in 
response to an output from that gyroscope, and the output from a pariicular gyroscope 
is not always routed to the same gimbal torquer in the stable platform. The function of | 
the stabilization loop is te provide the means for the gyroscope outputs to be routed 
to the proper gimbal torquers. 

Three gyroscopes are mounted on the stable platform of the inertial navigator so 
that the input axes of the X and Y gyroscopes are perpendicular to each other and in 
the horizontal plane. The input axis of the Z gyroscope is perpendicular to the input 
axes of both the X and Y gyroscopes and therefore in the vertical direction. By refer- 
ence to figure 4605a it can be seen that with the gyroscopes on the heading gimbal 
(stable element): 

1. The heading gimbal axis is always aligned with the input axis of the Z gyroscope. 

2. The roll gimbal axis is aligned with the input axes of the X and Y gyroscopes 
as a function of heading. 

3. The pitch gimbal axis is aligned with the input axes of the X and Y gyroscopes | 
as a function of heading and roll, and with the input axis of the Z gyroscope as a func- | 
tion of roll. 

Figure 4607a shows the resolution of the gyroscope output signals with heading 
and roll resolvers mounted on the inertial navigator gimbal system. This stabilization 
loop is simply a coordinate conversion unit converting signals from the coordinate ; 
system of the gyroscopes into the coordinate system of the gimbal axes. 

If the craft is heading true north, the gyroscopes are oriented on the stable , ; 
platform as shown in figure 4607b. In this alignment any roll motion of the craft i is j 
sensed by the X gyroscope causing it to precess. The precession causes an output 
signal to appear across the pickoff (fig. 4607a). This output signal is amplified and | 
applied to the Si-S3 stator winding of the azimuth transformer resolver. The rotor of | 
the resolver is controlled by the azimuth gimbal and changes position in relation to the 
stator windings as the craft’s heading changes. | 

The relative alignment of the windings for a true north heading is shown in figure | 
4807a. The signal across the S1-S3 stator winding of the azimuth transformation resolver _ 
produces a maximum output on rotor winding R1-23. The signal passes through the ° 
slip ring assembly to the navigation console of this practical navigator. The signal is 
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then amplified and modulated. The resulting DC signal to the roll DC gimbal torque 
motor drives the platform in the direction necessary to restore the gyroscope output 
to zero. Thus, the platform is stabilized about the craft’s roll axis. 

The ¥ gyroscope senses motion about the pitch axis and causes an amplified signal 
to be applied to the S2-S4 stator winding of the azimuth transformation resolver. 
With a heading of true north this causes a maximum signal at rotor winding R2-R4. 
The signal passes through the slip rings and is applied to the S1-S3 stator winding of the 
roll transformation resolver. This resolver is mounted between the roll and pitch gimbal 
and its rotor is positioned relative to the stator by the roll gimbal shaft. The output of 
the resolver is present at the 21-23 winding of the rotor and is applied to the platform 
control amplifier and power demodulator. The pitch power demodulator DC output / 
signal drives the pitch gimbal motor, which drives the gimbal in the correct direction i 
to cancel the Y gyroscope output. Rotor winding 22-F4 of the roll transformation : 
resolver is short circuited because its output is not used in the stabilization system. i 

Any change in heading introduces a torque about the input axis of the Z gyroscope i 
and causes it to precess. The precession generates an output signal which is amplified 

* by the azimuth gyroscope pickoff amplifier. The signal passes through the slip rings 
and branches off. One branch is applied to the S2-S4 stator winding of the roll trans- 
formation resolver. The other branch goes directly to the platform electronic control 
amplifier where the function is identical to that of the roll and pitch sections. The 
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Figure 4607a.—Stabilization loop. s 
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{ azimuth gimbal motor drives the azimuth gimbal in a direction to decrease the torque 
=e. “ about the Z gvroscope. The orientation of the platform, therefore, remains unchanged eee 


in azimuth as the craft changes heading or experiences yaw. 

If the craft changes heading to 090°, the motion sensed by the Z gyroscope drives 
the azimuth gimbal in the correct. direction to cancel the torque. As a result the platform = 
is oriented as shown in figure 4607c. The X gyroscope now senses pitc': motions of the 
ship and the Y gyroscope senses roll motion. The operation of the stabilization loop, 
however, is not affected since the change in heading resulted in the azimuth gimbal 
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Fictre 4607b.—Stable platform configuration and input axis for true north heading. 
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Figure 4607¢.—Stable platform configuration and input axis for heading of 090°. 
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being driven 90° in the opposite direction. The rotor of the azimuth transformation 
resolver is controlled by the azimuth gimbal shaft, and therefore, has rotated 90° with 
the change in craft’s heading. The cignal from the X gyroscope, applied to stator 
winding S1-S3, is induced on winding R2-R4 of the rotor and is used to drive the 
pitch gimbal. The signal from the Y gyroscope, applied to stator S2-S4, induces a 
maximum signal on rotor winding 21-—F3 and drives the roll gimbal. 

At headings between 000° and 090°, outputs from the X or Y gyroscope result in a 
proportional mixture of the output signals applied to the pitch and roll gimbals. For 
example, at heading 645° an output signal from either gyroscope pickoffs will be applied 
equally to the roll and pitch gimbal drive motors. Thus, the azimuth transformation 
resolver causes the pickoff signal to drive the correct gimbal regardless of the heading. 
Similarly, if the craft should experience pitching motion while at some angle of roll, 
the pitch gimbal axis will not be in the level plane. The pitching motion will have a 
vertical component and the rotution of the stable platform about the pitch axis will be 
sensed not only by the X and Y gyroscopes, but also partly by the Z gyroscope. This 
results in a pickoff from the Z gyroscope being routed in the proper proportion through 
the roll transformation resolver to the pitch gimbal drive motor. The contributions from 
the level X and Y gyroscepes will be reduced appropriately by the same resolver. 

4608. Coordinate systems.—-Two orthogonal coordinate systems are used to relate 
the inhere: t errois (art. 4609) to the inertial navigator. One system consists of X, Y, 
and Z axes. “he X and Y axes define the horizontal plane with the X axis directed north- 
ward and the Y axis directed eastward. The Z axis is directed downward along the local 
vertical. The relationship of this coordinate system to vhe second system, the equatorial 
coordinate : stem, is shown in figure 4608. The equatorial system consists of P (polar), 
Q (equatorial), and E (east) axes. The P axis is perallel to the earth’s axis of rotation. 
The Q exis is parallel to the equatorial plane and is directed outward from the earth’s 
axis of rotation. The £ axis is coincident with the Y axis of the other coordinate system. 


EQUATOR 


Fiaure 4608.—Orthogonal coordinate systems. 
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The first coordinate system is physically represented in the gyroscope arrangement | 
on the stable platform of the inertial navigator. ‘The computer of the inertial navigator , 
maintains a mathematical representation of the equatorial coordineto system. The rela- : 


tionship of the two systems is expressed mathematically as: 
X=P cos L—Qsin L 
Y=E 
Z=—P sin L—Q cos L. 


4609. Inherent errors of an inertial navigator are the 84.4 minute Schuler oscillation 
and the 24-hour oscillations. The latter mav have constant standoffs or ramps in the 
outputs associated with it. 

As discussed in article 4607, the 84.4-minute Schuler oscillation is an oscillation 
in the vertical loop resulting from initial tilts or velocity errors. It can also bo caused 
by any transient disturbance in the system. The Schuler oscillations are continuously 
damped and limited in magnitude. 

Tho 24-hour oscillation is a property of a properly functioning practical inertial 
navigator which is caused by initial errors in position, heading, or gyro bias. An initial 
error in cither latitude or heading causes both quantities to oscillate about their true 
values within a 24-hour period. A gyro bias error limits the ability of the inertial navi- 
gator to determine latitude and heading. A gyro bias error causes latitude or heading 
to oscillate about an offset value. A gyro bias error may also cause an ever increasing 
or ramping longitude error. 

Although uncompensated gyro drift can cause a 24-hour oscillation, the following 
discussicn is simplified by assuming properly biased gyros and thercfore no uncom- 
pensated gyro drift. The discussion is also simplified by assuming that there is no 
Schuler oscillation. 

Figure 4609a illustrates the 24-hour oscillation for an initial heading orror. With 
the inertial navigator at the equator (point 7Z;), the displacement of the equatorial 
coordinate system (art. 4608) as indicated by the navigator from the true equatorial 
coordinate system due to the initial heading error is shown at .A. This is a displacement 
about the Q axis and is represented by the angle 5g between / and Z’. As shown, this 
is a positive heading error because th-- heading readout of the navigator will be larger 
than the actual !.cading by the amount dg. No latitude or longitude error results be- 
cause there is no displacement about either the Z or the P axis. 

After this initial setup, the earth rotates about the P axis and the navigator ro- 
tates about the P’ axis. In inertial space, the relationship between these axes remains 
the same because the navigator holds the 2’ axis, its instrumented polar axis, stationary 
in inertial space. However, with respect to the earth, it is seen at B that after 6 hours 
the navigator is at point 7, due to earth’s rotation, and the relationship between the 
coordinate systems has changed. The misalignment between the two systems is now 
about the £ axis and is shown as the angle 5x. The instrumented polar axis, P’, is now 
in the meridian plane but no longer perpendicular to the vertical. This represents a 
negative latitude error in the navigator since its coordinates are displaced in a negative 
rotation about the / axis, and the heading error is now zero. Hence after 6 hours the 
heading error has been reduced to zero, but a negative latitude error has been produced. 

As the earth continues to rotate, the navigator maintains the orientation of its 
instrumented polar axis in inertia! space. At C the situation is shown after 6 more hours 
or 12 hours after the initial situation at A. Once again the misalignment of the naviga- 
tor’s reference system with respect to the earth is about Q axis, meaning an error in 
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Friourt 4609a.—The 24-hour oscillation for an initial heading error. 


heading and no error in latitude. This time the heading error is negative but of the 
same magnitude as at Zp. 

During the next 6 hours this negative heading error dixinishes until it has de- 
creased to zero as shown at D. At the same time the latitude error is building up in a 
positive direction to the value shown. At Tis the misaligument of the navigator is 
about the axis again, which results in a positive latitude error and no heading error 
as stated. This positive latitude error has a magnitude equal to the negative latitude 
error at Ty. 

View D of figure 4609a can be used to summarize the preceding action as follows: 
With the navigator on the equator at position 7) set -.p with a positive heading error 
and no position error, the misalignments of its reference system with respect to the 
earth is about the Q axis. (It should be kept in mind that the Q axis goes through the 
! position on the equator.) As position 7’) moves to position J, in space due to the rota- 
Maes . tion of the earth, the misalignment of the navigator with respect to the earth changes 
to be about tne E axis. This means that the error in the navigator is latitude (negative 
at 7.) and there is no heading error. As the earth continues to rotate, the navigator 
reaches position 7}, in space; and, because the instrumented polar axis has maintained 
its oriez.tation in space, the navigator is now misaligned with respect to the earth about oe 
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the Q axis, producing a negative heading error and no latitude error. The next 12 hours } 
will be a mirror image of these “ rst 12, completing the 24-hour oscillation. 

If the errors shown in fi,ure 4609a are plotted against time, the latitude error 
will be a negative sine wave with a 24-hour period since the oscillation started with a 
positive heading error. The heading error wiil be a cosine wave with a 24-hour period. 
The latitude error curve leads the heading error curve by a 90° phase relationship. At 
the equator, due to the geometry of the reference systems, the maximum value of 5g 
equals the maximum value of 5. At the equator the maximum latitude and heading 
errors due to the 24-hour oscillation are equal. 

The relationship among navigator errors is a function of latitude. Figure 4609b 
represents an initial heading error as a vector along the local vertical. This vector repre- 
sents a displacement of the navigator’s reference system about this axis and is a positive 
heeding error in this example. The components of this misalignment along the P axis 
and the Q axis are also shown. The component along the P axis is equal to dy sin L 
and contributes to the longitude error of the navigator since it is a misalignment about 
the earth’s spin axis or polar axis. This relationship shows that at the equator, the 
heading error would cause no longitude error and there would be no 24-hour oscillation 
in longitude. The other component along the @ axis is called 59 and has a value of dy 
cos L. This component determines the 24-hour oscillation due to an initial heading error 
in an inertial navigator with no uncompensated gyro drifts. 

In the 24-hour oscillation, the maximum 4g occurs 6 hours after the maximum dg 
end the two have equal magnitude. The heading error is in phase with 5g but d”= 6g sec L. 
Therefore, the 24-hour oscillation when present appears in the latitude, heading, and 
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Ficure 4609b.—Reletionship among misalignment errors of inertial navigator. 
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INTRODUCTION TO INERTIAL NAVIGATION 1097 


longitude outputs of the inertial navigator with the following relationships as shown 
in figure 4609c. 

1. The latitude error equals dx. 

2. The heading e:ror equals dg sec L. 

3. The longitude error equals éy sin L. 

4. Latitude, heading, and longitude errors oscillate as a sine wave with a 24-hour 
period. 

5. The latitude error leads the heading error by 6 hours or 90°. 

6. The heading error and longitude error oscillations are in phase. 

7. The maximum heading error equals the maximum latitude error multiplied by 
the secant of the latitude position. 

8. The longitude error equals the heading error times the sine of the latitude 
position. 

Since heading error is a function of latitude, the usual practice is to use a normalized 
heading value for the plotting of this error. This is accomplished by multiplying the 
heading error by the cosine of the latitude position. This results in a plot of 5g. The 
dq curve is equal in amplitude to the 6, curve. 
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Fictre 4609¢c.—Inertial navigator 24-hour oscillation error plots. 
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Gyro bias error. A gyro drift is an internal disturbance which causes an output-sig- 7 
nal from the gyroscope. The stabilization loop interprets it as a disturbance of the 5 


stable element’s orientation and drives the gimbals accordingly. This causes a misorien- 
tation of the stable element and results in inertial navigator errors. Although the drift 
cannot be completely removed, it is possible to compensate for it by applying a gyro 
torquing signal called a bias. If the bias is proper, there is no gyroscope output due to 


drift. If the gyro bias is not correct or whenever the drift of a gyroscope changes and a. | 
new bias is needed, then there is a gyro bias error or a gyroscope with uncompensated ; 


drift. 


To analyze the effect of gyro bias errors on the navigator it is advantageous to 


examine a settled system. This is a special case in which there is no 24-hour oscillation 
in the inertial navigator. When the system is settled with gyro bias errors, there will 
be errors in navigator outputs. These errors will be a function of the gyro bias errors 
since they compensate for the gyro bias errors. ln fact it is only when these errors in 


the navigator outputs exactly compensate for the gyro bias errors that the navigator . 


will be settled. 

Although the gyroscopes are placed physically in the inertial navigator’s coordinate 
system (X, Y, Z), the effect of gyro bias errors is better described in terms of the 
equatorial coordinate system (P, Q, £). Using hypothetical gyroscopes in this coordinate 
system makes the analysis simpler. When completed the results can be transferred into 
the physical gyroscope coordinates by using the relationships given in article 4608. 
The X, Y, and Z gyroscopes have P, Q, and E uncompensated drift rate components 
(Snr, dug, and dyz). 

Considering that the inertial navigator is a model of the earth and assuming that 
there is no movement with respect to the earth cf the craft in which the navigator is 
installed, then the only motion of the navigator in space is about its polar axis at earth 
rate. However, if the equatorial gyroscope has a bias error, de, then there is an addi- 
tional rotation about this axis in space. The navigator will then rotate in space about 
the vector sum of these two rotations. This causes the instrumented polar axis of the 
navigator indicated as P”’ to be displaced about the east axis as shown at «1 in figure 
4609d. 

Figure 4609d shows that the reference coordinates of the inertial navigator are 
aligned with the earth’s coordinates. This means that earth rate torquing in the naviga- 
tor (27) is applied about an exis parallel to the earth’s spin axis. However the navigator 


is rotating at earth rate (shown by Qs, S for actual rotation of navigator) about P”’ ; 


due to dpq. If left this way the equatorial gyro bias error would cause a 24-hour oscilla- 


“= aerate ea SY ARC, emer 


tion. To achieve a settled system with the equatorial gvro bias error, dge, the instru- 


mented polar axis, P’’, must be made to coincide with the earth’s spin axis. This is 
? ? 


accomplished by a latitude error or 6, as shown at B in figure 4609d. The amount of 
latitude error needed to settle the system is related to the equatorial gvro bias error } 


by the following relationship: 


bag 


bs=h,=e 


View B of figure 4609d shows the earth rate torquing (@7) of the navigator being ; 
applied about the displaced P’ axis. However, the Ssq about the displaced Q axis (Q’) | 
causes the navigator to rotate at earth rate (Qs) about the P”’ axis which is now aligned | 
to the earth’s spin axis (P). If there is an equatorial gyro bias error present but the j 


navigator is not settled, then the 24-hour oscillation occurs not about zero error but about a 
iatitude error given in the above relationship. As a result an equatorie! gyro bias error 
results in a stand-off or constants error in latitude which may or may not have a 24-hour 
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2 


Ficere 4609d.—Effect of equatorial gyro bias error. 


oscillation superimposed upon it. The equatorial gyro bias error defines the settling 
point for latitude. 

In the case of an east gyro bias error, dgz, the instrumented polar axis would be 
’ displaced about the equatorial axis. Again, to settle the navigator with an east gyro 
bias error, the instrumented polar axis must be made coincident with the earth’s spin 
axis. To do this the navigator coordinates must be misaligned about the equatorial axis 
an amount given by: 


Ope. 


dg==5y COS l=> 


If the displacement ebout the equatorial axis is the above amount, the navigator would 
be settled. The 5g results in a heading error which varies as a function of latitude as 
discussed with respect to the 24-hour oscillation. If the navigator is not settled and has 
an east gyro bias error, the 24-hour oscillation in heading will be about a stand-off error 
defined by the above equation. If heading error times the cosine of latitude is plotted 
for a given east gyro bias error, this stand-off is constant and is a function of the magni- 
tude of the gyro bias error. 

If there is both an equatorial and east gyro bias error, there is a settling point for 
the navigator involving both a latitude error and a heading error. Figure 4609e illustrates 
the error propagation in an inertial navigator which had no errors previous to time 0 
and then at time zero a bias error occurs in each of the gyros. View A shows that the 
latitude error oscillates about a value determined by the equatorial gyro bias error 
(the stand-off error in latitude due to an equatorial gy1o bias error). The heading error as 
seen at view B oscillates about the stand-off error due to the east gyro bias error. 
The phase relationship is as discussed earlier and the magnitude of the 24-hour oscillation 
errors is a function of the initial conditions of the navigator. These are more easily 
studied in the circle plot. 

The remaining gyro bias error is the polar gyro bias error. Since this bias error 
occurs about the earth’s spin axis, it doesn’t change the orientation of the inertial 
navigator’s instrumented polar axis. Instead the polar gyro bias error causes the 
navigator to rotate about the polar axis at a rate different from the earth’s rotation. 
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Ficure 4609e.—Inertial navigator error plots. 
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ya 


The navigator interprets this as change of position on the earth about the polar axis 

; which is longitude change or longitude rate. The bias error has a constant value and 

j this results in a constant longitude rate error. The longitude rate is integrated with 

fe ” time in the navigator to produce an increasing longitude value. As a result the polar | - 3 
e gyro bias error contributes a straight line function to the longitude error. The slope of | 

a this line equals the polar gyro bias error or iongitude ramp. wy. 
View C of figure 4609e shows the longitude errer at latitude 45°N. The longitude 
error starts at zero in this case because of the initial conditions previously set up. The 
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longitude error oscillates relative to the polar gyro bias error in the same phase as 
the heading error oscillates about the latitude gyro bias error. 

4610. The circle plot is a convenient method of representirg the 24-hour oscil- 
lation. It combines both latitude and heading in one plot and shows all phase and 
amplitude relationships. 

Latitude and heading errors oscillate with a 24-hour period. These oscillations 
are 90° out of phase. Also, the amplitude of the latitude oscillation equals the heading 
oscillation multiplied by cosine latitude. If latitude error is plotted against heading 
error times cosine latitude the result is a circle plot as shown in figure 4610a. Also 
shown are the latitude and heading cosine latitude curves which the circle represents. 
Note that the circle completely defines each of the component oscillations. A point on 
the circle is known as the operating point. Its coordinates represent the latitude und 
heading errors at a particular time. As the operating point moves around the circle its 
projection on the vertical axis is the latitude oscillation. Its projection on the horizontal 
axis is the heading error times the cosine latitude oscillation. As the point goes through 
one rotation, it projects one cvcle of a sine curve. Thus 360° on the circle represents 
24 hours of time or 15° equal: 1 hour. Because of the phase relationships involved, the 
circle always propagates in a clockwise direction. 

The location of the center of the circle is a function of gyro bias errors as they 
represent the standoff values in latitude and heading cosine latitude. The center of the 
circle is known as the bias center. The circle diagram can be used to determine how 
the system will behave starting with given initial conditions. For example, suppose 
the inertial navigator has zero initial latitu¢s and heading error, but at time zero a 
bias error develops in the east gyro only. The circle plot wili be used to determine the 
resulting oscillation. 

The initial conditions are shown in figure 4610b at A. The operating point is at 
the origin and the bias center is along the heading cosine latitude axis. The circle 
propagates about the bias center in a clockwise direction as shown at B. To find 
the oscillations in latitude and heading, the operating point is projected on the vertical 
and horizontal axes as shown at C. Latitude error peaks at 6 hours, goes through 
zero at 12 hours, and reaches a negative peak at 18 hours. It is thus a sine curve oscillat- 
ing about zero. 

Heading error cosine latitude starts ai zero, reaches a point of inflection at 6 
hours, and a positive peak after 12 hours. It varies as a cosine function about an offset. 
The offset is due to the east gyro drift. The phase and amplitude relations may thus 
be determined from the circle plot directly. This can be done for any initial conditions 
or to see the effect of a reset or gyro drift change on the inertial navigator. 

A longitude plot must be used in conjunction with the circle plot in order to describe 
the error propagation of the inertial navigator completely. 

4611. Reset.—The characteristics of propagation of the 24-hour oscillation errors 
and the gyro bias error in the inerti 1 navigator are well known. This knowledge is 
used with fix data to determine corrections which are entered into the navigator to 
eliminate the errors and to prevent the errors from occurring in the future. The process 
of entering these corrections into tne navigator for this purpose is catied reset. 
| To determine the error of the navigator, propagation plots such as those in 4609e 
ta . could be made. Since the latitude error and heading error times the cosine of latitude 
are sine waves of known period, three points would be necessary to determine each 
curve. However, it is not always possible to determine points on the heeding error plot 
due to lack of accurate heading informat.on. If this happers it is still possible to deter- 
mine the heading error oscillation from the latitude error plot because of their 90° 
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relationship. In fact, it is just this relationship which-allows these two plots to be com- 


bined into one plot for a more useful display of the errors. 

It has been found advantageous in the construction of the circle plot to use bias 
“corrections” ~ather than bias “errors.”” For example, an equatorial bias error (Sse) 
Ww a : plotted as an equatorial bias correction (BEC). 

12. Geodetic and geophysical errors.—Even if it were possible to make perfect 
aoa sensors, inertial navigators would still experience errors. These errors are due 
to uncertainties in knowledge of the physical environment. 

A particularly serious error in precision marine inertial navigation systems is due 
to lack of knowledge of the gravitational environment (art. X4). Since an accelerometer 
cannot distinguish between a kinematic acceleration and a gravitational acceleration, 
any uncertainty in the gravitational environment manifests itself as a system error. In 
the case of marine inertial navigation in locally level coordinates, it is the horizontal 
components of gravity that cause significant errors. These are directly due to deflections 
of the vertical (art. X4), which are tilis of the actual (plumb bob) vertical vector 
relative to the presumed reference vertical. 


HDG ERROR 


Fiatre 4610a.—Circle plot. 
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Figure 4610b.—Effect of cast gyro bias error. 


Departures of the magnitude of the gravity vector from the presumed model value 
are called gravity anomalies. 

Inertial navigation systems arc mechanized in terms of a reference ellipsoid 
(art. X7). The reference ellipsoid is chosen as & good approximation to a surface called 
the gecid (art. X2), which is that surface to which the oceans would conform over the 
entire earth if free to adjust to the combined effect of the carth’s mass attraction and 
the centrifugal force of the earth’s rotation. It has the special property that, at every 
point, the direction to the geoid is given by the direction of a plumb line. The angle 
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between the normal to the geoid and the normal to the reference ellipsoid is the 3 
2 deflection of the vertical referred to above. 
. The use of an electromagnetic log or similar speed log for damping the inertial 
navigator results in two types of errors. The first is due to the speed sensor itself. The 


second occurs because the speed indication is made relative to the water, which is 
itself moving relative to the earth. 
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APPENDIX A 
ABBREVIATIONS 


Abbreviations uscd on nautical charts are given in appendix Z. 


A, amplitude; augmentation; away (alti- 
tude intercept). 

a, altitude intercept (Ho~ He); altitude 
factor (change of altitude in 1 minute 
of time from meridian transit) ; assumed. 

y, first Poiaris correction. 

a,, second Polaris correction. 

a2, third Polaris correction. 

AC, alternating current. 

add'l, additional. 

ADF, automatic radio direction finder. 

AF, audio frequency. 

aL, assumed latitude. 

AM, amplitude v.odulation. 

AM, ante meridian (before noon). 

AMVER, Automated Mutual-ascistance 
Vessel Rescue System. 

antilog, antilogarithm. 

AP, assumed position. 

approx., approximate, approximately. 

ASF, Additional Secondary Phase Factor. 

AT, Atomic Time. 

AU, astronomical unit. 

AUSREP, Ausiralian Ships Reporting 
System. 

ad, assumed longitude. 

B, atmospheric pressure correction (alti- 
tude); bearing, bearing angle. 

B,, difference between heading and ap- 
parent wind direction. 

BIH, Bureau Internationale de l’Heure. 

Brg., bearing (as distinguished from bear- 
ing angle). 

Bygey bearing per gyrocompass. 

By, difference between heading and true 
wind direction. 

C, Celsius (centigrade); chronome +r time; 
compass (direction); correction; course, 
course angle. 

CB, compass bearing. 

CC, compass course; chronometer correc- 
tion. 








CCIR, International Radio Consultative 
Committee. 

CCZ, Coastal Confluence Zone. 

CE, chronometer error; compass error. 

ce€e, centicycie. 

cel, centilane. 

CEP, circular probable error. 

CFR, Code of Federal Regulations. 

CH, compass heading. 

cm, centimeter, centimeters. 

CMG, course made good. 

Cn, course (as distinguished frum course 
angle). 

co-, the complement of (90° minus). 

COA, course of advance. 

SOG, course over ground. 

coL, colatitude. 

colog, cologarithm. 

corr., correction. 

cos, cosine. 

cot, cotangent. 

cov, coversine. 

CPE, circular pvobable error. 

cps, cycles per second. 

Cysc9 COUrSe per gyrocompass. 

Cyses course per standard compass. 

Cp ate er COUrSe per steering compass. 

CRT, cathode-ray tube. 

esc, cosecant. 

CW, continuous wave. 

CZn, compass azimuth. 

D, deviation; dip (c* horizon) ; distance. 

ad, declination (astronomical); altitude 
difference. 

d, declination change in 1 hour. 

DC, direct current. 

D. Lat., difference of latitude. 

Dec _ -clination. 

De z., declination increment. 

P 4 , aeparture. 

Dev., deviation. 

DG, degaussing. 
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diff., difference. 

Dist., distance. 

DLo, difference of longitude (arc units). 

DMAHC, Defense Mapping Agency Hy- 
drographic Center. 

DR, dead reckoning, dead reckoning 
position. 

DRE, dead reckoning equipment. 

DRT, dead reckoning tracer. 

D,, dip short of horizon. 

DSD, double second difference. 

dur., duration. 

da, difference of longitude (time units). 

E, east. 

e, base of Naperian logarithms. 

e, eccentricity. 

EDD, estimnated date of departure. 

ERD, extremely high frequency. 

EM, electromagnetic (underwater log). 

EP, est:- >»ted position. 

Eq.T, eq < tion of time. 

ET, Ephemeris Time. 

ETA, estimated time of arrival. 

ETD, estimated time of depaxture. 

F, Fahrenheit; fast; longitude factor; 
phase correction (altitude). 

f, latitude factor. 

f, flattening or ellipticity. 

FM, frequency modulation. 

ft., foot, feet. 

G, Greenwich, Greenwich meridian (upper 
branch) ; grid (direction). 

g, acceleration due to gravity; Greenwich 
meridian (lower branch). 

GAT, Greenwich apparent time. 

GB, grid bearing. 

GC, grid course. 

GE, gyro error. 

GH, grid heading. 

GHA, Greenwich hour angle. 

GMT, Greenwich mean time. 

GP, geographical position. 

Gr., Greenwich. 

GRI, group repetition interval. 

GST, Greenwich sidereal time. 

GY, grid variation. 

GZn, grid azimuth. 

h, altitude (astronomical); height above 
cea level. 


ha, apparent altitude. 
hav, haversine. 
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He, computed altitude. 

Hdg., heading. 

HE, heeling error; height of eye. 

HF, high frequency. 

h;, height ove sea level in feet. 

HHW, higher high water. 

HLW, higher low water. 

hm, height above sea level in meters. 

Ho, observed altitude. 

HP, horizontal parallax. 

Hp, preccmputed altitude. 

H,c, heading per gyrocompass. 

Hye, heading per standard compass. 

H, stg c» heading per steering compass. 

hr, rectified (apparent) altitude. 

hr., hour. 

hrs., hours. 

hs, sextant altitude. 

ht, tabulated altitude. 

HW, high water. 

HWE & C, high water full and change. 

I, instrument correction. 

YALA, International Association of Light- 
house Authorities. 

IAU, International Astronomical Union. 

IC, index correction. 

ICW, Intracoastal Waterway. 

IHB, International Hydrographic Bureau. 

IHO, International Hydrographic Orga- 
nization. 

IMCO, Inter-Governnien‘al 
Consultative Organization. 

in., inch, inches. 

INM, International Nautical Mile. 

INS, inertial navigation system. 

int., interval. 

ISLW, Indian spring low water. 

ITU, internationul ‘Telecommunications 
Union. 

IUGG, International Union of Geodesy 
and Geophysics. 

J, irradiation correction (altitude). 

K, Kelvin (temperature). 

kHz, kilohertz. 

km, kilometer, kilometers. 

kn, knot, knots. 

L, latitude; lower limb correction for 
moon (from Nautical Almanac). 

i, difference of latitude; logarithm, loga- 
rithmic. 

LAN, local apparent noon. 
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LAT, local apparent time. 

lat., latitude. 

LF, low frequency. 

LMA, local hour angle. 

LHW, lower high water. 

LL, lower limb. 

LLW, lower low water. 

Lm, middle latitude; mean latitude. 

LMT, local mean time. 

log, logarithm, logavithmic. 

log,, natural logai.tam (to the base e). 

logy, common logarithm (to the base 10). 

long., longitude 

LOP, line of position. 

LST, Iecal sdereal time. 

LW, low vvater. 

M, celestial body; meridian (upper 
branch); magnetic (direction); meridi- 
onal parts; nautical mile, miles. 

m, meridian (lower branch); meridional 
difference (M,~Mz;); meter, meters; 
statute mile, miles. 

+ mag., magnetic; magnitude. 

MB, magnetic bearing. 

* mb, millibar, millibers. 

MC, magnetic course. 

mc, mezacycle, megacycles; megacycles 
per second. 

Mer. Pass., meridian passage. 

MF, medium frequency. 

MH, magnetic heading. 

MHHW, mean higher high water. 

. MHW, mean high water. 

MHWN, mean high water neaps. 

MHWS, mean high water springs. 

MRBz, megahertz. 

, mii., mile, miles. 

mid, middle. 

min., minute, minutes. 

MLLW, mean lower low water. 

MLW, mean low water. 

MLWN, mean low water neaps. 

MLWS, mean low water springs. 

mm, millimeter. 

mo., month. 

mos., months. 

mph, miles (statute) per hour. 

MPP, most probable position. 

ms, millisecond, milliseconds. 

MSL, mean sea level. 

MZn, magnetic azimuth. 

















N, north. 

n, netural (trigonometric function). 

Na, nadic. 

NASA, National Aeronautics and Space 
Administration. 

NAVSAT, Navy Navigation Satellite Sys- 
tem. 

NBS, National Bureau of Standards. 

NLT, not less than (used with danger 
bearing). 

NM, nautical mile, miles. 

n. mi., nautical mile, miles. 

NMT, not more than (used with danger 
bearing). 

NNSS, Navy Navigation Satellite System. 

NOAA, National Oceanic and Atmospheric 
Administration. 

NOS, National Ocean Survey. 

OTSR, Optimum Track Ship Routing. 

P, atmospheric pressure; parallex; planet; 
pote. 

p. departure, polar distance. 

PC, personal correction. 

PCA, polar cap absorption. 

PCD, polar cap disturbance. 

pge, per gyrocomipass. 

P in A, parallax in altitude. 

PM, pulse modulation. 

PM, post meridian (after noon). 

Pn, north pole; north celestial pole. 

PPC, predicted propagation correction. 

PPI, plan position indicator. 

PRR, pulse repetition rate. 

Ps, south pole; south celestial pole. 

psc, per standard compass. 

p stg c, per steering compass. 

Pub., publication. 

PV, prime vertical. 

Q, Polaris correction (Air Almanac). 

QQ’, celestial equator. 

R, Rankine (temperature) ; refraction. 

RA, right ascension. 

rad, radian, radians. 

RB, relative bearing. 

R Bn, radiobeacon. 

RDF, radio direction finder. 

rev., reversed. 

RF, radio frequency. 

R Fix, running fix. 

RMS, root mean square. 

RSS, root sum square. 
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RZn, relative azimuth. 

S, sea-air temperature difference correc- 
tion (altitude); slow; south; set; speed. 

Sa, speed of apparent wind in units of 
ship’s speed. 

SAM, system area monitor. 

SAR, Search and Rescue. 

SD, semidiameter. 

sec, secant. 

sec., second, seconds. 

semidur., semiduration. 

SF, Secondary Phase Factor. 

SH, ship’s head (heading). 

SBA, sidereal hour angle. 

SHF, sur high frequency. 

SI, Inte +. ional System of Units. 

SID, suauen ionospheric disturbance. 

sin, sine. 

SINS, Ships Inertial Navigation System. 

SMG, speed made good. 

SOA, speed of advance. 

SOG, speed over ground. 

SPA, sudden phase anomoly. 

Sy, speed of true wind in units of ship’s 
speed. 

St M, statute mile, miles. 

T, air temperature correction (altitude); 
table; temperature; time; toward (alti- 
tude intercept); true (direction). 

t, dry-bulb temperature; elapsed time; 
meridian angle. 

t’, wet-bulb temperature. 

tab., table. 

TAI, International Atomic Time scale. 

tan, tangent. 

TB, true bearing; turning bearing; air 
temperature-atmos pheric pressure cor- 
rection (altitude). 

TC, true course. 

TcHHW, tropic higher high water. 

TcHLW, tropic higher low water. 

TcLHW, tropic lower high water. 

TcLLW, tropic lower low water. 

TD, time difference (Loran-C). 

Tg, time difference of groundwaves from 
master and secondary (slave) stations 
(Loran). 

Tes, time difference of groundwave from 
master and skywave from secondary 
(slave) station (Loran). 

TH, true heading. 
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TMG, track made good. 

TOD, time of day (clock). 

TR, track. 

Tr., transit. 

Ts, time difference of skywaves from 


master and secondary (slave) stations ' 


(Loran). 


Tsc, time difference of skywave from 


master and groundwave from secondary 
(slave) station (Loran). 
TZn, true azimuth. 


U, upper limb correction for moon (from 


Nautical Almanac). 

UHF, ultra high frequency. 

UL, upper limb. ; 

UPS, Universal Polar Stereog: aphic. 

USWMS, Uniform State Waterway Mark- 
ing System. 

UT, Universal Time. 

UTC, Coordinated Universal Time. 

UTO, Universal Time 0. 

UTI, Universal Time 1. 

UT2, Universal Time 2. 

UTM, Universal Transverse Mercato. . 

V, variation; vertex. 

v, excess of GHA change from adopted 
value for 1 hour. 

Var., variation. 

ver, versine. 

VHF, very high frequency. 

VLF, very low frequency. 

W, west. 


WARC, World Administrative Radio ' 


Council. 
WE, watch error. 
WGS, World Geodetic System. 


WMO, World Meteorological Organiza- - 


tion. 

WT, watch time. 

X, parallactic angle. 

yd., yard. 

yds., yards. 

yr., year. 

yrs., years. 

Z, azimuth angle; zenith. 

z, zenith distance. 

ZD, zone descripticn. 

Z Diff., azimuth angle difference. 

Zn, azimuth (as distinguished fom azi- 
muth angle). 

ZNyogcy AZiMuth per gyrocompass. 
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APPENDIX A: ABBREVIATIONS 


ZT, zone time. o, standard deviation. 
A, a small increment, or the change inone py index of refraction. 

quantity corresponding to unit change 8, microsecond. 

in another. aw, ratio of circumference of circle to 
A, longitude; wavelength (radiant energy). diameter=3.14159+. 
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APPENDIX B 

GREEK ALPHABET 
Alpha Ny 
Beta EE 
Gamma Oo 
Delta ino 
Epsilon Pp 
Zeta Zos 
Ete om 
Theta tu 
Jota eoe 
Kappa Xx 
Lambda vy 
Mu Q 0 





Nu 


Omicron 
Pi 

Rho 
Sigma 
Tau 
Upsilon 
Phi 

Chi 

Psi 
Omega 





























































































































































































































































& Dead reckoning position. 
© Fix. 
@ Estimated position. 

See Note. 


+ Plus (addition) 
— Minus (subtraction) 
= + Plus or minus 
~ Difference 
|| Absolute value 
4 - Multiplied by 
Is to; ratio 
X Times (multiplication) 
3 + Divided by (division) 
Square root 
Z Angle 
ey “. Therefore 
: ' Because 
V nth root 
= Equals 
x Not equal to 





© Sun 

€ Moon 

8 Mercury 
9 Venus 
@® Earth 
o' Mars 

4% Jupiter 
hk Saturn 
6 Uranus 
y Neptune 
PB Pluto 
x Star 


7 Aries (vernal equinox) 

v Taurus 

I Gemini 

$s Cancer (summer solstice) 
Q Leo 

™ Virgo 




































































APPENDIX C 


SYMBOLS 


Positions 


4, Symbol used for one set of fixes when 
simultaneously fixing by two 
means, e.g. visual and radar. 


‘smn eH URNA ARM 


sometimes used for radionaviga- 


tion fixes. 


Mathematical Symbols 


Congruent to approximately equal 


VIALA VR TK UE Mle 


Identical with 

Not iden ical with 
Nearly equal to 

Is greater than 

Is less than 

Equal to or less than 
Equal to or greater than 


< Is dominated by 
2d or 5 Differential; variation 
jf Function 


Sf 
2 


Integral sign 
Summation of; sum; sigma 


— Approaches limit of 


© 


Infinity 
Repeating decimal 


Celestial Bodies 


Qc 


titude) 
Lower limb 


©€ Center 


oC 


® 
e 
© 
oO 
oO 
oO 
Qo 
® 


Upper limb 
New moon 
Crescent moon 
First quarter 
Gibbous moon 
Full moon 
Gibbous moon 
Last quarter 
Crescent moon 


Signs of the Zodiac 


+ Libra (autumnal equinox) 
M Scorpius 
f Sagittarius 


¥3 Capricornus (winter solstice) 


= Aquarius 
x Pisces 


| 
| 
*-P Star-planet altitude correction (al- 


1113 
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1114 APPENDIX C: SYMBOLS 





Miscellaneous Symbols : 

¥ Years % Interpolation impractical 
™ Months ° Degrees 
4 Days ’ Minutes of arc 
» Hours ” Seconds of arc 
= Minutes of time o& Conjunction 
” Seconds of time & Opposition 

ma Remains below horizon (J Quadrature 

. © Remains above horizon & Ascending node 
//I/ Twilight all night 8 Descending node 


NOTE.—The digits indicating the times of fixes and estimated positions are printed 
horizontally on the chart or plotting sheet; the digits indicating the times of dead reckon- 
ing positions are not printed horizontally. The running fix is the only position indicated 
on the chart or plotting sheet by both symbol and label (R Fix). 


a 





OL MME OM Meme GnTe 


{vin As 





Hee 
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APPENDIX D 
MISCELLANEOUS DATA 


Exact relationships shown by asterisk (*). See footnote on page 1125. 


Area 
1 square inch. 


1 square foot.....-...-------------------- 


1 square yard._.__---.-------------------- 


1 square (statute) mile.-...-...----..------ 


1 square centimeter 
1 square meter_.__.-..------------.-.----- 


1 square kilometer 


_ Astronomy 
1 mean solar unit 
1 sidereal unit 
1 microsecond 
Dsecond ictcctec cca sece fcesececceee es secs 


1 mean solar day_...--.-.----------------- 


1 mean sidereal day 
1 sidereal month. 


1 synodical month 


1 tropical (ordinary) year 


=6.4516 square centimeters* 

= 144 square inches* 
=0.09290304 square meter* 
=0,.000022957 acre 

==9 square feet* 

=0.83612736 square meter 

= 27,878,400 square feet* 

=640 acres* 

=2.589988110336 square kilometers* 
=0.1550003 square inch 
=0.00107639 square foot 

= 10.76391 square feet 
==1.19599005 square yards 

= 247.1053815 acres 

=(.38610216 square statute mile 
=0.29155335 square nautical mile 


= 1.00273791 sidereal units 

=0.$9726957 mean solar unit 

=0.000001 second* 

= 1,000,000 microseconds* 

=0.01666667 minute 

=0.00027778 hour 

=0.00001157 day 

=60 seconds* 

=0.01666667 hour 

=0.00069444 day 

==3,600 seconds* 

=60 minutes* 

=0.04166667 day 

= 24503>56955536 of mean sidereal time 

=] rotation of earth with respect to sun (mean) * 

=1.00273791 rotations of earth with respect to 
vernal equinox (mean) 

= 1.0027378118868 rotations of earth with respect 
to stars (mean) 

=23556"0409054 of mean solar time 

=27.321661 days 

=2740754371195 

=29.530588 days 

== 294125440298 

=31,556,925.975 seconds 

==525,948.766 minutes 

=8,765.8128 hours 

= 365424219879 —020000000614(t— 1900}, where ¢ 
=the year (date) 

= 365905548™46> (—) 0:0053t 
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1116 APPENDIX D: MISCELLANEQUS DATA 


Astronomy—Continued 
1 sidereal year. --..--..------------------- = 365425636042-+-0.0000000011(¢—1900), where? ; 
=the year (date) 
=365406>09"0925 (+) Oe0001t 


==525 600 minutes* 
=8,760 hours* 
=365 days* 
. 1 calendar year (leap)_....-...-------~---- = 31,622,400 seconds* 

= 527,040 mirutes* 
=8,784 houre* 
=366 days* 

Dilight-years 2224.5 sccn2.c8i2 dcdenicasde =9,460,000,000,000 kilometers 

= = 5,880,000,000,000 statute miles 
: =5,110,000,000,000 nautical miles 
= 63,240 astronomical units 
3 =0.3066 parsecs 
: 1 parsec....-.2----- eee ee = 30,860,000,000,000 kilometers 

=19,170,000,000,000 statute miles 
= 16,660,000,000,000 nautical miles 
=206,300 astronomical units 
= 3.262 light years 

1 astronomical unit. ._...-......--2-.2---- = 149,600,000 kilometers 

Wo o%; = 92,960,000 statute miles 
= 80,780,000 nautical miles 
: = 499012 light-time 

==mean distance, earth to sun 

Mean distance, earth to moon__.--.--...---- = 384,400 kilometers 
= 238,855 statute miles 
= 207,559 nautica: miles 

Mean distance, earth to sun__..-_---...---- = 149,600,000 kilometers 
== 92,957,000 statute miles i : 
=80,780,000 nautical miles . ° 
=1 astronomical unit 

Sun’s diameter_.---....--...-----.-------- = 1,392,000 kilometers 
= 865,000 statute miles 
=752,000 nautical miles 

Sun's ma992.). 022220. Soccc522 es sececeice ns == 1,987,000,000,000,000,000,000,000,000,000,000 


ar 


ve gut an 


5 
1 calendar year (common).__._--.--..----- = 31,536,000 seconds* : 
i 
[ 
i 
| 
| 
i 
; 
| 


does woe ab ayes 





wd ks 


ea tite io et uw 


grams 
=2,200,000,000,000,000,000,000,000,000 short tons 
=2,000,000,000,000,000,000,000,000,000 long tons 
Speed of aun relative to neighboring stars... =19.4 kilometers per second 
= 12.1 statute miles per second 
=10.5 nautical miles per second 





Orbital speed of earth.....-.-...---..-.2--- =29.8 kilometers per second 

= 18.5 statute miles per second i 
= - et = 16.1 nautical miles per second i 
= Obliquity of the ecliptic..........-..-.-.-- = 23°27'08'26—074684(t(—1900), where t=the { 
S, year (date) i 

= General precession of the equinoxes.-_...... =50°2564+07000222(t— 1900) per year, where 

' t=the year (date) a 

‘ L. - : Precession of the equinoxes in right ~ _ -ssion.. = 4670850+07000279((— 1900) per year, where i 


t=the year (date) 
Precession of the equinoxes in declination_...=200468—07000085(¢— 1900) per year, where 
t= the year (date) 
mon Magnitude ratio_---.--..----.--------.--- = 2.512 


f 





| 
i 








































































































APPENDIX D: MISCELLANEOUS DATA 1117 
Charts 
Nautical miles per inch..-.-..-----.---.--- =reciprocal of natural scale+-72,913.39 
Statute miles per inch__....--..-.--------- =reciprocal of natural scale--63,360* 
Inches per natstical mile.__.......---.--..- =72,913.39 X natural scale 
Inches ner statute mile._.....-------.----- =63,360X natural scale* 
Natural scale......-.--------------------- =1:72,913.39 X nautical miles per inch 
= 1:63,360Xstatute miles per inch* 
Earth 
Acceleration due to gravity (standard)_._.__- = 980.665 centimeters per second per second 
=32.1740 feet per second per second 
Mass-ratio—Sun/Earth__..---...---------- = 332,958 
Mass-ratio—Sun/(Earth & Moon) - - ..------ =328,912 
Mass-ratio—Earth/Moon. .--...----------- =81.30 
Mean density__..-..----.-----------------=5.517 grams per cubic centimeter 
Velocity of escape......-----.------------- =6.94 statute miles per second 
Curvature of surface...---.--------------- =0.8 foot per nautical mile 
Airy ellipsoid 
Equatorial radius (a@)............-.---.---- =6,377,563.396 meters 


=3,443.609 nautical miles 
Stesesee ete See =6,356,256.91 meters 
=3,432.164 nautical miles 


Polar radius (6) 


Mean radius (2a+5)/3...-.-...------------ =6,370,461.234 meters 
=3,439.774 nautical miles 
Flattering or ellipticity (f=1—}/a)_....._-__- =1/299.325 
=0.00334085 
Eccentricity (e= (2f—f?)™) -0. 2k =0.081673374 
Eccentricity squared (e?)_._-....__...---.-- =0.00667054 
Australian National-South American ellipsoid of 
1969 
Equatorial radius (@)_.-........._-..-____- =6,378,160 meters 
=3,443.931 nautical miles 
Polar radius (b)...--..---..----__-..------ =6,356,774.719 meters 
=3,432.384 nautical miles 
Mean radius (2a+5)/3..........--.--_-.-_- =6,371,031.573 meters 
=3,440.082 nautical miles 
Flattenin~ ellipticity (f=1—0/a)_.__-._.... =1/298.25 
=0.00335289 
Eccentricity (e= (2f—f?)¥) =0.0818202 
Eccentricity squared (e2)......._..------..- =0.00669454 
Bessel ellipsoid 
Equatorial radius (4)_.-..--..-___-__-..... =6,377,397.155 meters 
=3,443.52 nautical miles 
Polar radius (6)... ---..-.-2-.------- 22-2. =6,356,078.963 meters 
= 3,432.01 nautical miles 
Mean radius (2a-+-b)/3_.-..-.....---.-.-_-_ =6,370,291.091 meters 
=3,439.682 nautical miles 
Flattening or ellipticity (f=1—b/a)_.-.._.._- = 1/299.1528 
=0.90334277 
Eccentricity (e= (2f—f?)¥2) ...--- eee =0.08169683 
Eccentricity squared (e?)....._.-.--..-..-_- =0.00667437 
Clarn ellipsoid of 1866 
Equatorial radius (a@).._....-....--....__-- =6,378,206.4 meters 
=3,443.957 nautical miles 
Polar radius (b)........-..--.---------e- ..- =6,356,583.8 meters 
=3,432.281 nautical miles 
‘ 8 
i ¢ 
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Earth—Continued 
=] Mean radius (2a+-6)/3_......-2..-.-.------- =6,370,998.9 meters 
= =3,440.064 nautical miles 
= Flattening or ellipticity (f=1—b/a)_-....-__- = 1/294.98 
4 =0.00339008 
Fe Eccentricity (e= (2f—f?)"2) 0.2. .--e- =0.08227185 
= Eccentricity squared (¢@)...----.---------.- =0.00676866 
Clarke ellipsoid of 1880 : 
= Equatorial radius (a)__....---.------------ =6,378,249.145 meters 
= 3,443.98 nautical miles 
Polar radius (b)..--.-----.------------~--- = 6,356,514.87 meters 
a 7 =3,432.245 nautical miles 
a Mean radius (2a+-0)/3__.__.-_.....------- =6,371,004.387 meters 
= 3,440.067 nautical miles : 
Flattening or ellipticity G=1—b/a). 2-222 -- = 1/293.465 
= 0.00340756 


Eccentricity (e= (2f—f2)!) 2 ee 
Eccentricity squared (e?) 


Te ; 
CO SCRAPER RRO MCE 





Everest ellipsoid 


2 


Iquatorial radius (a) 


Polar radius (b) 


Mean radius (2a-+)/3 


Flattening or ellipticity (f= 1—b/a) 
Keccentricity (e= (2f—f?)!2) 
Eccentricity squared (c*) 


Fischer ellipsoid of 1960 (Mercury Datum) 
Equatorial radius (a) 


Polar radius (b) 


Fischer South Asia ellipsoid of 1960 
Equatorial radius (a) 


Polar radius (b)._..---2-------- 2-2-8 _e 


Fischer ellipsoid of 1968 
Equatorial radius (a) 


Polar radius (b) 


APPENDIX D: MISCELLANEOUS DATA 


Mean radius (2a-+6)/3.-_-.-.-----_--------=6,371,038.761 meters 


Flattening or ellipticity (f=1~b/a)........-=1/298.3 
= 0.00335233 
Eccentricity (e= (2f—f?)'2)_-2 2 ee =0.081813334 
Eccentricity squared (e@)_.....-.-.----_--- = 0.00669342 ; e 


Mean radius (2a+)/3_...--...-.-...-..---=6,371,027.773 meters 

= 3,440.08 nautical miles 
Flattening or ellipticity (f=1—/a)_...____- = 1/298.3 

= 0.00335233 
Eccentricity (e= (Q/—f?)') -- ee - - = 0.081819334 
Eccentricity squared (e)..-._...-..---.---. =0.00669342 






iH 
4 
| 


=0.0824834 
= 0.00680351 


= 6,377,276.345 meters 

= 3,443.454 nautical miles 
=6,356,075.413 meters 

= 3,432,006 nautical miles 
= 6,370,209.37 meters 
=3,439.638 nautical miles 
= 1/300.8017 

= 0.00332445 
=0.08147298 

= 0.00663785 


= 6,378,166 meters 
=3,443.934 nautical miles 
=6,356,784.284 meters 
=3,432.389 nautical miles 


= 3,440.086 nautical miles 


NT TT SE BCE AE TL ART NET KMRL CCIMNlN eames amd 


= 6,378,155 meters 
==3,443.928 nautical miles 
- =6,356,773.32 meters 

= 3,432.383 nautical miles 





&. 


= 6,378,150 meters 
=3,443.925 nautical miles 
=6,356,768.955 meters 

= 3,432.381 nautical miles 







































































APPENDIX D: MISCELLANEOUS. DATA 1119 
Earth—Continued 
Mean radius (20+6)/3..._..-.-.--.------- = 6,371,622.983 meters 
= 3,440.077 nautical miles 
Flattening or ellipticity (f=1—b/a)_.._..__-- = 1/298.3 
=0.00335233 
Eccentricity (e= (2f-—2)'4)_) 2 ee = 0.08181333 
Eccentricity squared (e?)._... ..--._---..-- =0.00669342 
Hough ellipsoid 
Equatorial radius (a). --..-_-------------- = 6,378,270 meters 
= 9,443.99 nautical miles 
Polar radius (b)..-..-.. -..----.-------... =6,356,794.343 meters 
=3,432.394 nautical miles 
Mean radius (2¢4-0)/3_.-2.2..0----.----2-- == 6,371,111.448 meters 
=3,440.125 nautical miles 
Flattening or ellipticity (f= 1—/a)..----.-- = 1/297 
=0.003367003 
Eccentricity (e= (2f—f?)!2)_..-..2..-.--.--- = 0.08199189 
Eccentricity squared (@)...--.--.---------- =0.00672267 
International ellipsoid 
Equatorial radius (@)._..-..... .-_.._.---. =6,378,388 meters 
= 3.444.054 nautical miles 
Polar radius (b)_--.-_--.------------------ == 6,356,91).946 meters 
= 3,432.459 nautical miles 
Mean radius (2a+6)/3 ..-....-.0 --._--.-.- =6,371,229.315 meters 
=3.440.19 nautical miles 
Flattening or ellipticity (f= 1—6/a) _.- 2 ---. = 1/297 
= 0,003367003 
Eccentricity (e= (2f—f?}' 4)... -.. . __....=0.08199189 
Eccentricity squared (€)._...- wjoane Me oeaied - =0.00672267 
International Astronomical Union figure ef carth 
(1968) 
Equatorial radius (a) __.-..---.------ st sss = 6,378,160 meters 
= 3,443.93] nautical miles 
Polar radius (6)-...-.-..-------.--------- = 6,356,774.719 meters 
= 3.432.384 nautical miles 
Mean radius (2a+0)/3..... - .-.. .-----. =6,371,031.473 meters 
=3,440.082 nautical miles 
Flattening or ellipticity (f=1—b:a)_.--.-.-- = 1.298.245 
= 0.00335289 
Eccentricity (e= (2/—f?)' 7)... = +e = 0.081§202 
Eccentricity squared (e2). ..._.--.--..-.-.- =0.00669454 
Krassorskty ellipsoid 
Equatorial radius (a)... -.---.--.----. . =6,378,245 meters 


= 3,443.977 nautical miles 
. ------ =6,356,863.019 meters 
= 3,432.43 nautical miles 


Polar radius (0). -- 


Mean radius (2a¢~-4)/32..0 22. 22 2. - 2. - = 6.371,117.673 meters 
= 3,440.128 nautical miles 
Flattening or ellipticity (f= 1 bfe) - 2. = 1/298.3 
= 0.00335233 
Eccentricity (e=(27-fP OR. Lt = 0.08181333 
FEecentricity squared (€}- ~---.- = 0.00669342 


World Geodetic System (WGS) ellipsoid of 1972 
Equatorial radius (a)... © . -.-.-...- -._. = 6,378,135 meters 


= 3,443.917 nautical miles 
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Earth—Continued 


Polar radius (5).-........-.-- 


Flattening or ellipticity (f= 1—b/a) 


Eccentricity (e= (2f—f)¥4) 
Eccentricity squared (e) 


Length 


1 foot (U.8.)_-._-2-2---.2---- 


1 foot (U.S. Survey)....0...22..-----2 22 --. 


1 cable (British) 
i statute mile... 22.222 


1 nautical mile........------ 


BP meter... sc scacc en st eee 


1 kilometer__._..----.--..-- 


Mass 


POUNCE. cc cewien a caceccsece 









































































































































APPENDIX D: MISCELLANEOUS DATA 


=0.00335278 


==2.54 centimeters* 
=12 inches* 

=1 British foot 
=% yard* 

=0.3048 meter* 
=, fathom* 

== 0.30480061 meter 
==36 inches* 

=3 feet* 

=0.9144 meter* 
=6 feet* 

=2 yards* 

= 13.8288 meters* 
=720 feet® 

= 240 yards* 
=219.4560 meters* 


Swen veddc deve sotaseccekce =0.1 nautical mile 
Liteon esse =5,280 feet* 


=1,760 yards* 
= 1,609.344 meters* 


= 1.609344 kilometers* 
=0.86897624 nautical mile 
=6,076.11548556 feet 
=2,025.37182852 yards 


= 1,852 meters* 
= 1.852 kilometers* 


= 1.150779448 statute miles 
iciscscenseese = 100 centimeters* 


=39.370079 inches 
=3.28083990 feet 
= 1.09361330 yards 


=0.54680665 fathom 
=0.00C62137 statute mile 

=0.00053996 nautical mile 
wavedes ussite =3,280.83990 feet 


== 1,093.61330 yards 
= 1,000 meters* 


=0.62127119 statute mile 
=0.53995660 nautical mile 


Seeesinsseecss = 437.5 grains* 
=28.3/9523125 grams* 


=0.06.0 pound* 


=0.028349523125 kilogram* 





=6,356,750.52 meters 
==3,432.371 nautical miles 
Mean radius (2¢+-5)/3..._--..------------- = 6,371,006.84 meters 

=3,440.068 nautical miles 
Coons == 1/298.26 


a | 
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APPENDIX D: MISCELLANEOUS DATA 1121 


Mass — Continued 


Lpoundssssec ws ro ccses te dds c cece eed =7,000 grains* 
= 16 ounces* 
=0.45359237 kilogram* 
L.shortton.2< 5: s2csscccesssecdecessesds= - == 2,000 pounds* 
== 907.18474 kilograms* 
=0.90718474 metric ton* 
= 0,8928571 long ton 
Wlong tonics. cnc ene soc eewatédecee cesses = 2,240 pounds* 
= 1,016.0469088 kilograms* 
= 1.12 short tons* 
= 1,0160469088 metric tons* 
Dkilogram. «2052. 252.--25sseipsesee- sue =2,204623 pounds 
=0.00110231 short ton 
=0,.00098 42065 long ton 
l metric ton. 2 cdsoeseceees chee en kcceen laws = 2,204.623 pounds 
= 1,000 kilograms* 
= 1.102311 short tons 


= 0.9842065 long ton 
Mathematics 
© cod se baccl ewes loot cue ee -2n+28.1418426535897932384626433832795028841971 
Reson ss see et ett tk eee bec eeee -=9.86y40044011 
Ao wevcetnnidetac dees secees el eecueece = 1.7724538509 
Base of Naperian logarithms (e).....--.--.- = 2,718281828459 
Modulus of common logarithms (loge)... ~~. =0.4342944819032518 
Lradian ccs oscecs kook cents cob oes = 206,264780625 
= 3,437: 7467707849 
= 5722957795131 
=57°17'44780625 
Leirvel@scstcccsocteocscdbceecoscuewove ede = 1,296,000"* 
=21,600 * 
=360°* 
= 2m radians* 
180° 2 fo cebci vce feseseiesdsdececdie sess =7 radians* 
Woo sce e bet ee sca sus see ce te =2600"* 
=60'* 


= 0,0174532925199432957666 radian 


= 0,000290888268665721596 radian 


Arias Swe tedce bee es eeceeeesctesetts semed =0.000004848136811095359933 dian 

Sine Of DP) .vc2esccs.ceccssccne a scctel ee cce = 9.00029088820456342460 

Sint Of ice ek) Soke iaoseek oak neacdessc =0.0009048481 3681107637 

Meteorology 

Atmosphere (dry air) 
NitrO@eNneocced oe acccohecacateecsse eee =78.08% 
OSV RMN sco eeossuctece seers adceusesceee =20.95% 
APQON 5. ccs c cdc aceecssccedassccsoceee = 0.938% 99.99 % 
Carbon ‘ioxide........--.-------------- = 0.03% 
NeOne codeceeececess Vink tec estaccestaes = 0.0015% 
Heliutit:.c.i-asetess cet oe. eecleeN cee ee = 0.000524% 
Kary pt0ls vs ccc scdocevesdbeestedacscess = 0.0001% 
Py drugeiiecccitsnwncetasesecncccsceeces = 0.00005% 
NOCNON ci cossl ie sea eeckoeessececs ----= 0,0000087% 
OZ0NG sacs - sted cceece esas coeeedcaeeud = 0 to 0.000007% (increasing with altitude) 
Radoniia resets hecdnc eeeeiercncsesees. = 0.000000000009000006% (decreasing with al- 

titude) 
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1122 APPENDIX D: MISCELLANEOUS DATA 


Meteorology — Continued sie 


Stand.:rd atmospheric pressure at sea level... = 1,013.250 dynes per square centimeter* 
= 1,033.227 grams per square centimeter 
= 1,033.227 centimeters of water 
=1,013.250 millibars* 
=760 millimeters of mercury 
=76 centimeters of mercury 
= 33.8985 feet of water 
==29.92126 inches of mercury 
= 14.6960 pounds per square inch 
= 1.033227 kilograms per sqt we cenvimeter 
= 1.013250 bars* 

Absolute zero...-. 2-2-2202 - eee eee eee eee ee =(—) 273916 C 
== (~—) 459°69 F 


Pressure 
1 dyne per square centimeter......_..------ =0.001 millibar* 
= 0,006 01 bar* 
1 gram per square centimeter.....-..---.--- =1 centimeter of water 


=0.980665 millibar* 
=0,.07355592 centimeter of mereurv 
=0.028. 590 inch of mereury 
=0,0142233 pound per square inch 
=0.001 kilogram per square centimeter* 
= 0.000967841 atmosphere 

Umllibarscs csees beeen hese es = 1,000 dynes per square centimeter* 
= 1.01971621 grams per square centimeter 
=0.7500617 millimeter of mercury 
= 0.0334 5526 foot of water 
= 0.02652998 inch of mercury 
=0.014/.0377 pound per square inch 
=0.061 bar* 
= 0.00098692 atmosphere 

1 millimeter of mercury_.........---------- = 1.35951 grams per square centimeter 
= 1,3332237 millibars 
=0.1 centimeter of mercury* 
=0.04460334 foot of water 
=0.039370079 inch of mercury 
=0,01933677 pound per square inch 
=0.001315790 atmosphere 

1 centimeter of mercury -.....---.-.-4.-.-- = 10 millimeters of mercury* 

1 inch of mercury. ..--..------------------ = 34.53155 grams per square centimeter 
=33.86389 millibars 
= 25.4 millimeters of mercury* 
= 1.132925 feet of water 
=0 911541 pound per square inch 
= 0.03342106 atmosphere 


1 centimeter of water_.....---.2--. Soeeeous =1 gram per square centimeter 
=0.001 kilogram per square centimeter 
Lfoot of Waterec. oso Ss coer ee ee =30.48000 grams per square centimeter 


~ 29.89067 millibars 
= 2.241985 centimeters of mercury 
= 0.882671 inch of mercury 
= 0.4335275 pounce per square inch 
=0.02949989 atmosphere 

1 pound per square inch. _.-.... 2.22. eealn se = 68,947.57 dynes per square centimeter 
=70.30696 grams per square centimeter 
=70.30696 centimeters of water 
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na pty 


Pressure — Continued 
1 pound per square inch. -..----..--------- 


1 kilogiam per square centimeter....------.- 


TWAS eoccdek. os sack cee sees eesecines 


Speed 


1 foot per minute --.2-.22---2 eee Goceksece 


J yard per minute... 22.20.6222 2. eee ee ee 


1 foot per second... ~~. eee eee ee 


1 statute mile per hour... ...-.--------..-- 


1 knot 


1 kilometer per hour._...-.....2----------- 


Light in vacuo.-.-. 0 ....-...------------ 


Lightatv airs) <2 s22hscehenwncncceteeey cee 


























APPENDIX D: MISCELLANEOUS DATA 


= 68.94757 millibars 

== 51.71493 millimeters of mercury 
= 5.171493 centimeters of mercury 
= 2.306659 feet of water 

= 2.036021 inches of mercury 


=0.07030696 kilogram per square centimeter 


= 0.06894757 bar 
=0.06804596 atmosphere 


= 1,000 grams per square centimetes* 


= 1,000 centimeters of water 


= 1,000,000 dynes per square centimeter* 


=1,000 millibars* 


= 0.01666667 foot per second 

= 0.00508 meter per second* 

=3 feet per minute* 

= 0.05 foot per second* 
=0.03409091 statute mile per hour 
=0.02962419 knot 

==0.01524 meter per second* 

= 60 feet per minute* 

= 20 yards per minute* 

= 1.09728 kilometers per hour* 
=0.6818181S statute mile per hour 
= 0,59248380 knot 

= 0.3048 meter per second* 

= S88 feet per minute* 

= 29,333333338 yards per minute 

= 1,609344 kilemeters per hour* 

= 1.4666666" feet per second 
=0.86897624 knot 

= 0.44704 meter per second* 

= 101.26859148 feet per minute 
=33.756197 U4 vords per minute 

== 1,852 kilometers per hour* 

= 1.68780986 feet per second 

= 1.15077945 statute miles per hour 
=0.51444444 meter per second 

= 0.62137119 statuw mile per hour 
= 0.53995680 knot 


i meter per second__.___-----. ---...------ = 196.85039340 feet per minute 


=65.6167978 yards per minute 
=3.¢ kilometers per hour* 
=3.28083990 feet per second 
=2.23693632 statute miles per hour 
= 1.94384449 knots 

== 299,792.5 kilometers per second 
= 186,282 statute miles per second 
= 161,875 nautica: miles per second 
== 983.570 feet. per microsecond 

= 299.708 kilometers per second 

= 186,230 statute milea per second 
= 161,829 nautical miles per second 
= 983.204 feet per microsecond 
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1124 APPENDIX D: MISCELLANEOUS DATA 


Speed—Continued 


Sound in dry air at 50°F or 15°C and standard 
sea level pressure 


Volume 
1 cubic inch 


1 cubic foot 


1 milliliter 


1 cubic meter.......2222. 00-2 


f quart: (U:S) 22 cceesic clic dedcccuceee 


A-gallon: (U8) 2ocsscs nee set e Oe 


1 liter 


} register ton 
1 measu’ -ment ton 
1 freight ton 


Volume-mass 
1 cubic foot of seawater 


= 1,116.45 feet per second 


= 761.22 atatute miles per hour 
=661.48 knots 
=340.29 meters per second 


24,945.37 feet per second 
= 3,371.85 statute miles per hour 
= 2,930.05 knots 

= 1,507.35 meters per second 


= 16.387064 cubic centimeters* 
=0.016387064 liter* 

= 0.004329004 gallon 

= 1,728 cubic inches* 

= 28.316846592 liters* 

= 7.480519 U.S. gallons 

= 6.228822 imperial (British) gallons 
=0.028316846592 cubic meter* 

= 46,656 cubic inches* 

= 764.554857984 liters* 

= 201.974026 U.S. gallons 

= 168.1782 imperial (British) gallons 
~.27 cubic feet* 

=0.764554857984 cubic: meter* 


=0.06102374 cubic inch. 
=0.0002641721 U.S. gallon 
==0.00021997 imperial (British) gallon 
= 264.172085 U.S. gallons 

= 219.96878 imperial (British) gallons 
-~35.51467 cubic feet 

= 1.307941 cubic yards 

= 57.75 cubic inches* 

=¥2 fluid ounces* 

=2 pints* 

=0.9463529 liter 

=0.25 gallon* 

= 3,785.412 milliliters 

=231 cubic inches* 

=0.1336806 cubic foot 

=4 quarts* 

= 3.785412 liters 

=0.8326725 imp orial (British) gallon 
= 1,000 milliliters 

=61.02374 cubic inches 

= 1.056688 quarts 

=0.2641721 gallon 

=100 cubic feet* 

=2.8316846592 cubic meters* 

=40 cubic feet* 

=1 freight ton* 

=40 cubic feet* 

=1 measurement ton* 


= 64 pounds 
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APPENDIX MISCELLANEOUS DATA 1125 


Volume-Mass — Continued 


1 cubic foot of freshwater. = 62.428 pounds at temperature of maximum 
density (4°C==39?2F) 
1 cubic foot of ice =56 pounds 
1 displacement ton......----..----..... ~---= 365 cubic feet of seawater* 
=1 long ton 


Vessel Tonnage 


The several kinds of vessel tonnage are as follows: 

Gross tonnage, or gross register tonnage, is the total cubical capacity of a ship ex- 
pressed in register tons of 10U cubic feet, or 2.83 cubic meters, less such space as hatch- 
ways, bakeries, galleys, etc., as are exempted from measurement by different govern- 
ments. There is some lack of uniformity in the gross tonnages as given by different 
nations on account of Jack of agreement on the spas 

Official merchant marine statistics of most countries are published in terms of 
the gross register tonnage. Press references to ship tonnage are usually to the gross tonnage. 

The net tonnage, or net register tonnage, is the gross tonnage iess the different spaces 
specified by maritime nations in their measurement rules and laws. The spaces that 
are deducted are those totally unavailable for carrying cargo, such as the engine room, 
coal bunkers, crews quarters, chert and instruinent room, ete. 

The net tonnage is used in computing the amount of cargo that can be loaded on a 
ship. It is used as the basis for wharfage and other similar charges. 

The register under-deck tonnage is the cubical capacity of « ship under her tonnage 
deck expressed in register tons. In a vess-! having more than one deck the tonnage deck 
is the second from the keel. 

There are several variations of displacement tonnage. 

The dead weight tonnage is the difference between the “loaded” and “light” dis- 
placement tonnages of a vessel. It is espressed in terms of the long ton of 2,240 pounds, 
or the metric ton of 2,204.6 pounds. and is the weight of fuel, passengers, and cargo 
that a vessel can carry when loaded to her maximum draft. 

The second variety of tonnage, cargo tonnage, refers to the weight of the particular 
items making up the cargo. In overseas traffic it is usually expressed in long tons of 
2,240 pounds or metric tons of 2,204.6 pounds The snort ton is only occassionally 
used. The cargo tonnage is therefore very distinct from vessel tonnage. 


Note.—All values in ths appendix are based on the following relattonships" 
Linch=2.**  -ntimeters*® 
Vyard=¢ 4. meter® 
1 pound (avoirdupois) = 0 45389237 kilogram® 
1 nautical mile =1852 meters® 
Absolute zeros (—)273°16C = (—)459°C0F. 
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1126 APPENDIX D: MISCELLANEOUS DATA 


Decibel Scale 


The decibel (dB) is 10 times the logarithm to the base 10 of the ratio of two 
amounts of power. The decibel scale is used to express conveniently the ratio 3 
between widely different powers. 

The ratio between one power P, and a second power P2 is expressed in dB’s as: 


10 logio () 


suus if P, is 1,000 times P2, their ratio is expressed as 


If P2 is 1,000 times P,, their ratio is expressed as 


10 log (10)=10X(- + =~30 dB. 


' 
Power ratio i dB 


t 
ae — | —__-— 


; { 








1 0 
20 94 3 

4 ; 6 

10. 10 

100 20 

1,000 =| 30 

10,000 | 40 

100, 000 50 


1,000,000; 60 


Prefixes to Form Decimal Multiples and Sub-Multiples of International System of 
Units (SI) 

















Multiplying factor Prefix Symbol | 
1 000 000 000 000 =10" tere a. - 
1 000 000 000 =10° giga G { 7 
1 000 000 =10° mega M | oe: 
1 000 =10° kilo k i 
100 =10? hecto h i 
10 =10! deka da | 
0.1 =107! deci d ; 
0.01 =10-? centi c i 
0.001 - °* milli m i 
0.000 901 =10-° micro H 5 
0.000 000 001 =10-2 nano n a 
0.000 000 000 001 =10-" pico p z 
0.000 000 000 000 001 =10-* —femto f d 
0. 060 000 000 000 000 001 =10-'s attio a z 
wasn Rae Reh, Se ate tiaaaHt Sh Ae — = E 
: 
2 

















































































































































APPENDIX E 
NAVIGATIONAL COORDINATES 











Coordinate | Symbol 


|L, lat. | equator paraiie) 
colat. | poles meridian | 8, 


long. | prime merid- 
» ian 


Measured from tessa along Measured to reci 








latitude 
colatitude 
longitude 





















local meridian | °,’ 





parallel 




























































declination | d, dec. celestial equa- hour circle N,8 | parallel of | °%’ ofr | 
tor declination 

polar P elevated pole | hour circle S,N | parallel of }°’ {| 0/1 

distance declination 
4 altitude [hh horizon j vertical circle | up | parallel of | ©” 01 
altitude 

zenith dis- jz zenith vertical circle | down }{ parallel of | °,’ ofl 190° - 
tance altitude 

azitauth | zn north horizon E | vertical circle | ° on | se] 

Saee Zz north, south ] horizon E,W | vertical circle | ° 0%1 | 180° or 90°} N, 8... E,W 

3 : angle 
; a een ene eeenree 
amplitude | A east, west | horizon N,8_ | body : 0% o° JE, W...N,8 
Greenwich | GHA Greenwich j; parallel of Ww hour circle */, 01 360° - 
hour angle celestial declination ’ 
meridian 

local hour LHA local celestial | parallel of Ww hour circle oe 01 360° - 
angie meridian declination 

meridian t local celestial | parallel of E,W | hour circle of on 180° E,W 
angle meridian declination : , 

sidereal SHA hour circle of | parallel of Ww hour circle oF O11 360° - 
hour vernal equi- declination 
angle nox | 

right RA { hour circle of { parallel of | E hour circle b,a,e ie 24h - 
ascension vernal equi- | declination 


nox 






































Greenwich | GMT lower branch | parallel of | Ww hour circle aye Is 24 | - 
= ' mean Greenwich declination mean sun 
EE time celestial 
= meridian 
24 lecaimean | LMT lower branch { parallel of Ww hour circle b, me 1s 2b - 
pe time + local declination Mean sun 
2 * celestial 
meridian 
zone time 2T lower branch | paralle’ ° Ww hour circle hy mie le 24* - 
zone | dech = on mean sun 
ce celestial 
A { meridian | | 
= Greenwich | GAT lower branch | perallel of Ww hour circle b, ae le 4 24h _ 
oe Greenwich declination apparent } i 
time celestial | sun | | 
meridian | i 
bg 4 er mee | cs | ee am | pe | tat a 
local LAT | lower branch | patallel of Ww hour circle heey le ah - 
spreent local declination apparent i 
time } Golestial i sun i 
{ meridian | i : | 
Greenwich | GST j Greenwich | parallel of iW hour circle b, Dt Is ah = 
! sideresi | celestial declination | verna} ‘ i 
} time \ j meridian 1 equinox i 
om . local LST local | paralil of | W | hour circle [yee| te mw | re 
siderea] | cclest?=! | declination 1 vernal : 
time meridian | ; equinox | ‘ : 
: i i i 


*When measured from celestial horizon. 
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APPENDIX F 


EXTRACTS FROM NAUTICAL ALMANAC 
ALTITUDE CORRECTION TABLES 10°-90°—SUN, STARS, PLANETS 









































9 34s 108 SSsi5 9 394 10°6—ara 
9 54 tog~ar 95 +10°7 — 312 $2 | Jan. 1 —June 7 
9 56 10 03 10 20 ; 
+12-O—31-3 +10'8—2:-0 6 a 
10 08 10 15 10 33 +08 
10 a Pitt 3ta | 1, y5t109—309 lt 1, 16 2 
$F 12°2—31-2 7 12-0-30-8 4 


—S$'1 
—$:0 

Ir oo 48 June 8 —July 21 
—47 




















a9 34437-3—a2 of] = int —ao7 j 
10 47 4 re-g—200| £9 54.4. :1-3~306 ff TE 24_4. 24m 
a io 3 

xX Of Lrrs—a0 8 | 7 8 11-3 —20-5 . 29_, 4 6 

TT 15 4 rr-6—307) 22 23 5 ry-g—20-4 || 7 45 __ 4.5 | July 23 —Aug. 6 

II 30 x 38 32 oF i ° 
$11'7-206 +11-§ 20:3 —4°4 ° . 

II 46 Il $4 12 18 j +04 
+11°8—203 +11-6—20-:2 43 I og 

#2 02 t rr9—206 | 22 294. 34-7—30 ff 22 354. ate 

12 19 12 28 12 54 








+12°0~-203 
= 37 291-202 12 46 


5 SS 432-a—a01 13 95.4 2-0-1598 


+12°3-200 13 24 ar —agey 
3 334-124-199 
a sy tias—i98 +12°3—19:5 
+H22°6 =~ 19° 4-12°4— 19: 
te tiaynigt | Sheng 
p sot i2 8-93 = Bt126-192 
PE eee Ce eel 
16 38 radi98 16 444 12-9-18-9 
1s 59 4.13-2—19 7 15 4 13-0-188 
17 325 1343-19°0 174 $131 — 18-7 
38 64, "4718 18 245 I3;2— 38-6 
- 4 egoits oF sons 
19 20 13-6 — 18-7 19 2 13-g— 184 
20 03 3-7-18-6 | 2° 25.4.93.5— 185 
20 485 Bases | 22 TF ‘6x8 
21 35°73 — 85 22 oo t 33 38:2 
+139 — 18-4 $13°7— 28-2 
ae 26 | g0=185 | 22 544.13-8-18-0 
23 22 23 $1 
+141 — 18-2 +13'9~179 
>) 33+14:0-178 
=17-7 
+14:2—176 
+143-175 
31 ag ere 
33 20 1 14'S — 173 
35 17 t14'6— 173 
+197 — 17-2 
37 764 148- 17r0 
= atta 9-369 
+IS'0~ 16-3 
45 30. 
48 $5722 1-16-97 
2 4g PIS 2-166 
5 445 15-3-265 
+15'4~164 


+11-8—-200 


4:1 | Aug. 7-Aug. 15 
+I1-9—19°9 5 








































27 52 
29 15 
30 46 
32 26 


+14°5§—178 
+14°6—177 
+14°7—-176 

+143 — 17-5 
36 aa ttag~ 174 
38 36775 O~ 17-3 
4z og PISS — 173 

+1$°2—17-2 
a Bi35-3-170 
50 46 TIS 4— 189 
54 491 15'5— 189 | oo 2 
59 231 155167 6x 51 
64 yo t t5'7— 366 67 17 FIS'S— 163 
70 12 TIS8- 165 73 6b 15'6—36 a 
76 267 759-164) 99 4 F1S7— 364 

+16-0-— 163 +153 - 16-0 


86 320 ore: 
90 00 go 00 F359 | 


30 00 

















Os 8} 105— 9°9 
165 3 $4°3 | 110—10-2 
$5°8 | 115 ~10°4 
§7°4 | 120—10°6 
§8-9 | 125—10:8 


y 
a 
w 
a 
+ 
Lad 
> 
w 
~ 
a 
° 
nr Seen rane es 
8 
Q 
~ 
w 
+ 
~ 
* 
” 


62:1 | 130—11-1 
135-113 
140-115 
145-107 
68-8 | 150~—11-9 
21'4 7O°§ | 1§§—s2+1 
















App. Alt. = Apperent altitude = Sextant altitude corcected for index error and eip. 
For daylight observations uf Venus, see page 260. 
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APPENDIX F:, BXTRACTS FROM NAUTICAL ALMANAC 1129 


ALTITUDE CORRECTION TABLES 0°-10°—SUN, STARS, PLANETS A3 
oct.-MAR, SUN _APR.WSEPT. = | | ocr.-mar. SUN apr.-serr, | 


App. | ry : i 
Alt. | Lower Upner ; Lower Upper PLANETS Alt. | Lower Upper | Lower Upper ‘PLANETS 
} Limb Limb ; Limb Limb j } Limb Limb | Limb Limb j 
aa emee ES 
, ’ 


i e ai { 

| 18-2 -so-5' ~18°4 -s02 —34°5 
j 

{ 

t 

! 


175 a8, 178 496) 338 
16-9 492! 17% 489! 33-2 
16-3 486; 16'S 4t3{ 32-6 
1$'7 480! §=615°9 4774 32°0 


ISI 474 1$3 47) 314 arr] 


a i 
“145 -468 —14°8 -466) —308 
140 463 142 460! 303 
135 4g! 13°7 45'S} 
12°9) 4g'2°—-13°2)ggros 
12-4 447) 127 ass] 
Il'Q 4g2' 122 440! 


-27'5 | —11°8 
27°3 116 
2r2| 1g 
270° «IN 
26-8 | 
26-7 { 


=O RAUW 


; wATS -438 10-7 -435° “265! 
IO 433 II*2) 430° 
1o°§ 428. 108 426! 
10r 424} 103 421 ' 
96 419) 99 4n7; 
92 ars, 95 ati 


8-8 -grt ' 
8-4 407 
8-0 40-3 
77 40°0 
73° 396: 
69 392) 


66-389. 
G2 385, 
39 = 382 
56 379 
$3 376 
49 3725 


4°6 ~369" 
42 365 
3°7 360 
32 355 
2:8 35: 
2°4 (347 


AUVUUAN UObSSS hywwww 


OG BaAUW 


i 
409° 
405} 


> DO HX 
Abwiwyn 


+ 7°2 -29% 
383 ‘ : 73 20 
380° : : T4 249 
37°6 a 4 75 248 
37°73: 76 27° 
37°0 , 77 246 


' ' 

-367 + 7-8 -24'5 
36-2 . 80 243 
358! i 8-2 241 
35°31 ° | 3-4 239 
34°9 | 8-6 237 
yea o 1 87 236 


ANUOHRS SUMNN GS NUBWQH 


-340,; 5 + $-9 ~23°4 
33°6 | . SI 232 
3331 ; 92 238 
09 33-2! 3291 93 230 
O-§ 328 32 6, * QS 228, 
O2 323 Og 322: ‘ 96 a7 | 234 | 


2°0 -343 
16 33-9 
2 333 - 


“N NWwe bbe MWAMNAARA BWV =1 WOOD 


~ 
VU On 


om 
oom 


b O2 321 — OF =309] . | + 9-7 ~226: *§ 23-3! 
O$ 338: O2 316! 7 9°9 224° 222 i 
Oo8 315 0-5 32-3! . 1 109 223, aar | 
rl 325, 38 31-0; “ 1O*l 232 "8 220: 
14 309; IT 307} e 12 azz! 100 arti 
16 407 | 14 304} . 103 220! 105 227] 

i : 1 
19 ~304;) + 1-7 30 | . +10°4 ~arg] 10-2 -a16! 
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Additional corrections for temperature and pressure are given on the following page. 
Fer bubble sextant observations ignore dip and use the star corrections for Sun, planets, and stars. 
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1130 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


ALTITUDE CORRECTION TABLES—ADDITIONAL CORRECTIONS 
ADDITIONAL REFRACTION CORRECTIONS FOR NON-STANDARD CONDITIONS 


Temperature 
-20°F. —10° 0° =+10° =20° 30° g0® 50° 60° =—-70°— 80° 90° 100°F. 
Tt de ee he he lee oe 
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z 4 
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& 1010 e 
- a 
E 3 
3 29'5 
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. ae 
cee 134 +4°6 $$-7 +6-9| © 08 
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The graph is entered with arguments tc.. perature and pressure to find a zone letter; using as arguments 
this zcne letter and apparent altitude (sextant altitude corrected for dip), 2 correction is taken from the table. 
This « orrection is to be applied to the sextant altitude in addition to the corrections for standard conditions 
(for tre Sun, planets and stars from the inside front cover and for the Moon from the inside back cover). 
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APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


INDEX TO SELECTED STARS, 1975 







































N. 29 

5. 42 

N. $6 

S. 18 

S. 57 

2-2 329 | N. 23 

33 | 316 | S. 40 

28 | 335 IN. 4 

19 | 309 | N.50 

rr zor | N16 

O-3 | 282 | s, 8 

O2 | 28: | bY 46 

Vy | 279 IN. 6 

2 18 | 279 | N.29 
td 18 i 276 {S8. 1 
37 Var.-} 272 |N. 7 
8 O09 | 264 | S..53 
22 - 6 259 | S.37 
13 279 | N. 6 16 | 256 | S. 29 
16 272 | N. 7 os | 245 | N. 5 
rz 244 | N.28 

| U7 | 234 | S. 59 
22) 223 |S. 43 

| 1B 222 | S. 70 
22 349 1S. 18 22) 238 |S. 9 


2-0 194 | N.62 
18 | 279 | N.29 
2-4 or | N.st 


3+ 616 | S. 30 
16 173 | S. 57 


28 176 | S. 17 
o9 149 | S. 60 


eho BESSY wz2BVOS 


T 

Var.* 

09 364 1S. 53 
o-2 281 | N.46 
1-3 50 | N.45 
22; 183 | Ni15 


3B RIVOR SSEas® APSer seasy 




















1131 





iA AAA RA 





LINN AKA eRRAORe NM mmihnaNNNE ne RNA 


i 
t 
e 
i 
i 
i 
a 



































PaWaeustine sh 


lS tet 


De 








































































































































































































M 
° 
N 
o 
A 
Y 


48 23.7 
63 26.2 


49 229 
64 253 


APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


1975 MAY 25, 26, 27 (SUN., MON., TUES.) 
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1975 MAY 25, 26, 27 (SUN., MON., TUES.) 




























Q 
z 
f 
w 
x 
g 
ule 







































s 
aa ° ’ e e * e . . e ’ o 
25 00) 100 48.4420 47.7) 40463 69 S20 147 41 583 Oo 01 4% 
O1/195 48.40 4=— 482] 19502 70 20188 40583; 6) mw 00 29 | 23 42 | 26 27 | 00 27 | 00 36 
O2}216 483 9 48.7 | 32 562 69 20228 32563) 66] BH O1 41 | 22 42 | 23 93 | 24 00 | 00 00 
31225 46.2 -- 49.21 47223 70 20266 37582] GB] ca 02 16 | 22 07 | 23 01 | 23 53 | 23 53 
04/240 482 «= 49.6 | 61 48.1 69 20303 62] aa | 01 03 | 02 42 | 21 43 | 22 36 | 23 13 | 23 37 
05255 481 50.0] 76140 70 20339 @| uw 1 G2 46 | 03 02 | 22 23 | 22 17 | 22 56 | 23 26 
06/270 48.1 N20 505 «9 $20 37.4 wS8] a } 02 15 | 03 17 | 22 O7 | 22 02 {| 22 42 | 23 12 
es O7i2ss 4800S: 56 | 00 56 | 02 36 | 03 30 | 20 53 | 21 48 | 22 30 | 23 02 
08/300 480 6=— 51.4 SA} 03 37 | 02 53 | 03 42 | 20 43 | 21 36 | 22 19 | 22 53 7 
$ 09/315 47.9 -- 519 52] 02 03 | 03 o8 | 03 $2 | 20 30 | 21 26 | 22 10 | 22 45 3 
U 10/330 478 ©9523 $0] 02 23 | 03 20 | 06 02 | 20 21 | 22 16 | 22 02 | 22 38 2 
wn 12/345478 ©9528 45 | 03 00 | 03 46 | 06 21 | 20 01 | 20 57 | 21 44 | 22 23 = 
© 12] 0 47.7 M20 $3.2 4 40} 03 26 | 04 05 | 06.37 | 19 45 | 20 41 | 21 29 | 22 10 =I 
AB] 18477) $37 35| 03 46 | 04 21 | 04 SO | 19 32 | 20 27 | 22 17 | 22 00 & 
a Y 14} 30 476 30 | 04 02 | 04 35 | 05 02 | 19 20 | 20 26 | 21 06 | 21 50 = 
pty 20} 06 28 | 04 57 | 05 21 | 19 00 | 19 55 | 20 47 | 21 34 a 
ib 410] 04 49 | 05 15 | 05 38 | 18 42 | 19 38 | 20 31 | 22 29 z 
7 QO] 05 o5 | 05 31 | OS 53 | 1B 26 | 19 22 | 20 15 | 22 OF 2 
18 $10] 05 20 | 05 46 | 06 09 | 18 10 | 19 05 | 20 09 | 20 53 
19 20] 05 35 | 06 02 | 06 25 | 17 53 | 18 48 | 19 44 | 20 38 
20 30] 05 49 | 06 18 | 06 44 | 17 33 | 18 28 | 19 25 | 20 22 
a 35| 05 56 | 06 27 | Ob $5 | 17 21 | 18 16 | 19 14 | 20 12 
2 40 | 06 06 | 05 37 | 07 G7 | 17 08 | 18 03 20 01 
45} 06 13 | 06 49 | 07 22 | 16 52 | 17 47 19 48 
6 $ 50} 06 22 | 07 03 | 07 40 | 16 33 | 17 27 19 33 
01 $2] 06 27 | 07 09 | 07 48 | 16 24 | 17 18 19 25 
02 SA} 06 31 | 07 16 | 07 58 | 15 13 | 17 O8 19:17 
rs) SE} Ob 36 | 07 246 | 08 06 | 16 02 | 16 56 19 08 
04 5B] 06 42 | 07 32 | 08 20 | 15 49 | 16 43 18 57 
05 S eB} 06 48 | 07 42 | 08 34 | 15 33 | 16 27 1@ 45 ' e 
o e% = 
AEE = [— q 
0 “45 rd : Z 
m 09/315 464 i z 
© 10]330 46.4 of} se a « . ee 3 | 
N 11]345 463 ar) o = = | i 
O12] 0462 aw} 2 ) ws | 03 18. 1 
A 3] 15 462 68 | 23 43 02 26 | 01 36 | 02 46 | 04 27 | 
Y 14) 30 461 66] 22 17 01 59 | 02 36 | 03 40 | 05 03 : 3 
15! 45 44.0 Al 2 4 02 28 | G3 10 | 64 12 | 05 29 ‘ e| 
16] 60 46.0 62} 23 15 G2 50 | 03 35 | 04 36 | 05 49 i a] 
17} 75 48.9 | 20 $5 03 08 | 03 55 | 04 55 | 06 05 ! 
18] 99 458 58} 20 38 a3 23 | 04 11 | O5 11 | 06 1¢ = 
19] 105 45.8 56} 20 24 03 36 | 04 25 | 05 24 | 06 32 2 
20] 120 45.7 SA| 20 13 03 47 | 04 37 | 05 36 | C6 41 a 
211135 45.7 $2] 20 02 @3 57 | 66 48 | 05 46 | 06 50 A 
22) 150 45.46 50} 19 53 04 06 | 06 57 | 05 $5 | 06 58 a 
234] 165 455 GS} 1¢ 33 04 25 | 05 17 | 06 15 | 07 16 B: 
27 0] 100 45.5 zi 09.2 [337 092 22 S21 049 29 57.0) N 4] 19 18 04 40 | 05 33 | 06 30 | 07 30 =| 
01/195 45.4 «= 09.6 | 351 364 a3 21029 22 $7.0) 35] 19 04 04 53 | 05 47 | CS 44 | 07 42 33 
62/210 453 = 10.0] 6037 84 21007 2356.9} 30] 18 53 05 04 | 05 59 | 06 55 | 07 S2 
03/225 45.3 -- 104] 20311 94 20584 24569] 20] 18 33 05 24 | 06 19 | 07 15 | 08 10 3 
04} 240 45.2 «10.9 | 34.585 as 20560 25 56.9110! 18 16 05 41 | 06 37 | 07 32 | 08 26 
05/255 45.1 «11.3 |] 49.260 as 20535 26549] Of 18 01 05 57 | 06 53 | C7 48 | 08 40 4 = 
06] 270 45.02) 11.7} 63 53.5 96 S20 509 28 568)S 30} 17 45 06 12 | 07 oF | 08 04 | 08 55 , 2 
671285 45.0 122] 78211 se 20481 29568] 20) 17 28 0 29 | 07 27 | O8 21 | 09 10 : zy 
7 08}300 44.9 = 126] 92 487 a7 20453 39 568 30] 17 10 06 49 | 07 47 | 08 40 | 09 27 : . 3 
yy O9)325 4B -- 13.0) 207 164 88 20423 52 567 35| 16 59 07 00 | 07 59 | 08 51 | 09 38 2 
3 13.46/12) 442 8¢ 2 32 6 os cA | 0° 49 
10) 330 448 “ 0392 3256.7) 40] 16 46 07 13 12 | 09 a 
g 2345 447 = 13.9)136 120 85 27 360 39 567 5] 16 32 67 29 | 28 28 | 09 20 | 10 o3 
p 12] 0 44621 143 | 150 39.9 90 S20 327 34 5661S 50] 16 14 07 48 | 06 48 | 09 38 | 10 19 
A LS] 15445 «1671265 07.9 v0 20293 34 S66) 52) 16 05 O7 57 | 08 57 | 09 47 | 10 27 
y 14] 30445 = 15.1] 179359 98 20 257 34 566) SA 15 56 08 07 | CF 08 | 09 57 | 10 36 
15] 45 444 -- 1551194 03.9 92 20221 38 566] 56] 15 45 08 18 | 09 9 | 10 O8 | 10 45 
y 16] 60444 «16.0208 322 92 20183 38565] 3B} 15 33 08 31 | G9 33] 10 21 | 10 56 
ae 17] 75 443 1664223 003 93 20145 48 56515 Oj 15 19 98 46 | 09 49 | 10 36 | 11 09 
1B] 90 44.2 N21 16.8 | 237 285 93 S20105 40 565 SUN MOON 
a aa ue one *4 anos ee Eqn cf Time | Mer Mer. Pens. 
120 441 «= 17.6 | 266 253 95 20023 43 56: : Pose 
211135 440 -- 181 (280 538 93 19580 0c 5e6| 7 | OOP 12° | Pos. | Upper lower 
: 221150 43.9 «=: 1851295 223 97 19536 44 584 
i 23] 165 43.9 18.9 1309 510 94 19492 46 563 2 
2 


\ee 
e 





$0.158 d@ 24} SO. 188 156 154 


= ™ 


Me 













































































































































































































































































<POMCHPH 


<POCRPOE 


55 17.7 
16 202 


















































APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


1975 MAY 31, JUNE 1, 2 (SAT., SUN., MON.) 
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Y 30 34.7 01.1}123 247 188) «4 222 106 543] 66 
45346 «+ 0151137 595 157 4106 106 543] 64 
80 34.5 01.8} 152 44.2 157 400.0 106 54.3] 62 
75 34.4 02.1 ]267 08.9 158 3 49.4 106 54.3] 60 
90 34,3. N22 02.51181 43.7 158 S 3 388 107 54.310 58 
105 342 196 185 158 3 28.1106 543] 56 
220°$3.3 158 -3:17.5 107 54.3] 54 
225 28.1 158) 3068107 543) 52 
240 02.9 158 = 2 $6. E 50 
254 37.7 159 2 45. 45 
269 12.6 158 S 2 34 40 
048] 283 47.4159 2240107 542] 35 
298 22.3 188 «©2133 107 542] 30 
312 57.2159 2026107 $4.2] 20 
327 320159 = 3 $1.9 108 5421610 
342 06.9 158 1 41.2 07 542 0 
356 41.7 159 S$ 1304 108 54.2 
97} 32166159) «1 :196 107 $4.2 
25 51.5 159 1 089 108 54.2 
40 26.4159 0 581 107 542 
§$ 01.5 159 0 47.4 108 542 
69 362159 «60 366 108 $4.3 
84 13.2 159 S 0 25.8 108 543 
98 460 158 §=0 150 107 543 
113 208 159 S 0 043 108 $43 
127 55.7 18¢ N 0 065 108 $4.3 
142 306 159 ©60 -37.3 108 543 
is? 055 158 0 2812 108 543 
90 32.9 N22 105 171 403 159 N 0 389 167 54.3 
105 32. 186 152 159 60 49.6 108 $43 Ti Me 
201120 318 111|200 50 138 1.008 108 $43 Day = ena : 
. 215 249 158 112.2 108 $43 12s | Poss. 
229 99.7 159 1 22 : 
244 346 158 1 32: 
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APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


1975 JUNE 12, 13, 14 (THURS., FRI., SAT.) 


Dec 


131 062 N2i 02.9 


206 0$7 20 593 
221 056 N20 586 
6 0S $7! 


321 052 N20 543 
326 050 

342 049 

356 048 - 
22:047 

26 046 

41 045 N20 499 
56 045 92 


86 043 - 
101 042 


ma 0 

s+ 433 

426 

48 

221 036 N20 412 

236 03.5 40.3 

251 035 396 

266 034 -+ 389 

281 033 381 

296 033 374 

311 032 N20 366 

326 031 359 
341 031 

356 030 - 

31 030 
26 02.9 


41 028 N20 322 
56 028 314 


GHA 


248 122 N ‘ arg 
259 130 486 
274 138 43.3 
289 145 -- $00 
204 153 50.7 
319 160 514 
334 168N 4 521 
349 176 528 
4183 535 
19191 +. 542 
34 198 $49 
49 206 556 
64 2146 4563 
79 221 570 
94 229 $77 
109 237 ++ 584 
124 244 591 
139 252) 4598 
154 2598 5 005 
169 267 012 
184 27.5 01.9 
199 282 ++ 02.6 
214 290 033! 


304 336 075 
319 343 082 
334 351N 5 089 
349 358 096 
4366 103 
19374 + 120 
34 38) 1? 
49 389 124 
64 396N 5 131 
719 404 138 
94 412 145 


159 
166 


244 488 NS 215 


91259 496 


ay 


201 
194 
311 020 N20 186 
326 019 179 
341 019 Ww 
356 019 -- 
11 01.8 
26 018 148 
41 018 N20 143 
$6 018 133 
71017 126 
* 118 
1 


156 


301215 056 


103 


49 $72 29.1 


64 580N 5S 298 
79 587 305 
94 595 3i2 
120 002 ++ 319 
125 01.9 326 
140 018 33.3 


155 025.4 5 34.0115¢ 147N6 

3471169 16.7 

354,184 188 

| 200.088 s+ 3621199 209 -- 
368] 214 230 

375 5229 251 


170 033 
| 185 041 


230 063 


GHA 


GHA, Oec 


Nome 


241 580 N é a 149 567 N22 056 Acamor 


257 001 
272 022 


302 06.3 
317 084 13.9 
332 10.4.N 6 14.0 
347 12.5 . 
2 146 
17 166 +: 
32 187 
47 208 
62 228N6 
77 249 
92 27.0 
107 290 -- 
222 311 
137 332 
152 35.2N 6 
167 37.3 
182 394 
197 414 -- 


148 
150 
151 
153 
154 
1$6 
15.7 
15.9 
160 
162 
163 
165 
16.5 
168 
16.9 
71 
172 


242 476N 6 
257 497 
272 518 
287 538 -- 
302 559 174 
317 $80 75 
333 0OON 6 177 
348 021 179 
3 0462 180 
18 063 -- 182 
33 083 183 
48 10.4 185 
63 125.N 6 186 
78 145 168 
93 166 189 
108 187 -- 192 
123 208 192 
138 228 194 


153 2498 6 ty 
68 270 


318 477 212 


333 498.N 6 213 
348 518 225 

3539 216 
18 560 -- 218 
33 582 21.9 
49 001 221 
64 O22N 6 22.2 
79 043 224 
94 064 225 
109 084 ++ 227 
124105 228 
139 126 230 
231 
233 


236 
? 


13.3 | 164 588 
12.4} 180 010 
287 042 -- 23.64195 032 
13,7 | 220 052 


06.6 
066 
“© 065 
06.5 
225 074 06.4 


240 095 N22 064 


24255 11.7 064 


270 138 
285 160 «+ 
300 182 053 
315 202 062 
330 22 4 B22 062 
345 245 061 
0 267 061 
15 288 ++ 061 
30 309 060 
45 33.2 060 
60 352 N22 060 
75 374 059 
90 395 059 
105 416 -- 
120 438 
135 459 
150 483 N22 el 
165 502 
180 524 
195 545 -- 
210 566 
225 588 
241 009 N22 055 
256 031 055 
273 052 05.4 
286 07.3 «+ 054 
30} 09.5 054 
316 116 053 
331 138 N22 053 
346 159 053 
1180 052 
16 202 - 
31 223 
46 245 
61 266 N22 051 
76 287 


063 
063 


15) 394 N22 048 
166 416 048 


241 523 N22 
256 544 
273 566 
286 SB? -- 
302 008 
317 030 
332 051 N22 044 
347 073 044 

2 09.4 04,3 
IPAS ++ 043 
32 13.7 04.2 
47 158 


62 179 N22 
77: 201 


SLLLLL LSSE 
PUM UAe swe 


BELLIES 
OO wm men wm 


Achernor 
Actux 
Adhoro 
Aldeboran 


Ahoth 
Alkaid 
Al No‘ir 
Alnitiom 
Alphard 


Alphecco 
Alpherutz 
Altair 
Ankao 
Antores 


Arcturus 
Atrio 


STARS 


SHA Dec 

315 403 S49 24.0 
335 48.3 $$7 21.4 
373 41.0 $62 582 
255 353 $28 555 
291 22.4 N16 27.6 


146 215 NI? 186 
108 278 S68 59.) 
234 30.1 559 261 


194 266 N61 $32 
278 490 N28 352 
90 588 N51 295 
3414989 458 
15 55.3 $29 449 


172 32.6 S56 589 
176 216 $27 246 
349 280 S60 156 
328 332 N23 207 
84 22.2 S34 237 


137 179 N74 155 
14 067 N15 044 
314 4512 N 3596 
148 410 536 152 
221 462 569 374 


309 217 N49 404 
76 332 526 196 
54 036 S56 486 
244 028 N28 052 
245 298.N 5172 


350 133 N56 24.0 
97 002 $37 052 
258 $92 $16 422 
159 011 511 922 
223-137 $43 203 


80 $78 N3B 456 
137 367 S15 565 


5 HA Me Fou 


230 229 15 6 
343494 7 42 
342065 7 48 


— LL LL NEON MERE ARMIN ee mute 


* = 
Mer Pow. = & 362 


250 069 13 55 




















































































































































































































































































































APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


1975 JUNE 12, 13, 14 (THURS., FRI, SAT.) 


SRERS. 


MW 
ow 
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SRELNS GSRBSIS oSABKS GENLKE SETES 


SVRKSE SKESST AE 
LSVsAFRsRVSS BS 


SESSS & 
SRRRFF SASSER. 
SESELE RELCER Se 


s 


7 16 510 
1 M16 42.8 


Bass HSSVSk SSSREB. 
g 


<>PoOouRNucCIA 


vw 


78 M15 515 
79 15 426 
79 15 33.6 
so 15 245 
80 15 153 
61 15 06.0 
62 014 566 
@2 14 47.1 
a2 14375 
62 14279 
83 14181 92 59. 
3 14083 108 59.2 
25 N13 583 100 593 
94 13 483 102 593 
8S 13 382 102 593 
$4 13 280 193 593 
330 02.1 280 4 1317.7 103 593 
345 02.0 8S 13 07.4 104 593 
© 01.8.N23 115 8.7 M12 57.0 105 593 
15 01.7 116 
30 01.6 118 
45014 -- 119 
60 03.3 12.2 
75 012 12.2 89 12 037 109 593 


90 01.0 N23 12.3 7 98 M11 $28 110 59.3 
99 11 418 116 593 
96 11308 111 59.4 
90 1119.7 112 59.4 
90 11 085 112 594 
165 00.4 . 91 10 573 113 594 


180 00.3 N23 13.2 9.1 M10 46.0 114 59.4 
195 00.1 
210 00.0 . ! 
224 59.9 +- 13. @2 10117 115 59.4 
239 59.7 6 93 10 00.2 114 59.4 
254 29.6 \< 93 9 486 117 59.4 
269 59.5 N23 14.0/210 148 93 N 9 36.9 117 59.4 
284 593 14.2 4224 43.10 94 © 9 25.2 118 59.4 
299 $9.2 143 94 9:13.46 118 59.4 
314 59.2 -- 144 9 95 9016 129 59.4 
329 58.9 145 95 8 49.7 119 59.4 
344 588 147 9 95 837.8 120 59.4 
357 58.7 M23 148 4 96 8 8 25.8 120 59.4 
14 585 149 96 § 13.8 121 59.4 
29 384 15.0 96 «68 01.7 121 59.4 
44583 ++ 152 97) «7 49.6 122 59.4 
S 97 7 37.4 122 594 
97) «6-7 25.2 122 59.4 
18] 89 57.9 N23 15.6 9a N 7 13.0 123 59.4 
104 57.7 15.7 . 7 00.7 123 59.4 
119 57.6 35. 5 & 40.4 124 59.4 
134 $7.5 - x . 6 36.0 124 59.4 
149 $7.4 9 & 23.6 125 59.4 
164 57.2 $12.2 124 59.4 
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APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 
STARS, 1975 JANUARY—JUNE 































































































| S.HLA. i 
| Name an Nomber |" [oN | a | sa. | ara [may [ONE 7a] an pa 
Peed ete oe) Pata 
jt39 49°3 | 48°8 | 48-3 | 47°9 | 47°8 ao BN, 71 | 55°0 $5°3 | $8°S 
i [230 51-5 | 50-9 | $o-4 | so-0| 49°8 | 49°71 S. 68| 35-1 35°S | 35°6 
lis |aes| ae 04°5 | 04-4 | 04-3 | 04°21 S. 9] 17°5 17.6 177) 277] 177 17°6 
135 | 46°5 | 46-2 | 45-9 | 45°7 | 45°6 45°6)|S. 43 | O1-9 | 02-0 | O2°1 | 02-2 02°3 
22 |B Urss Minoris 40 137 | 19°2 18-6 18-0 | 17-7 17°6 | 17° 9| N74 15-11 15-0] 15-3 | 15-2 | 15°4 | 15°5 
2-9 ja Libre 39 [3371 37°4 | 37°2 37°0 | 36:8 36-7| 36-71 S. x5 56-3 1 56-4] 56-5 56°5 | 56-5 | 56°5 
2'6 | « Bootis 1139 | o-5 | o1-2 01-0 | 00"9 00°8 | 00°9 | N. 27 10°§ | 10-41 10-4 10° | 10°6 | 10-7 
2-9 ;a Lupi 139 | 55°9 | 55°5 55-3 | 551 | 54-9| 55-0] S. 471 168 16-8 | 16-9 ITO | 17} 17-2 
* o'r ja Centauri 28 jr 31-2 | 30°8 ilesleslsalec 43°7 | 43°81 43°9 | 44-0 | 44°2 | 4453 
26 1m Centauri lrqr| 31-01 30-7 30'S | 30-3 | 30°2 | 30°2 " S. 42 | 02°B | 02°9 | 03-0 | 03-1 | 03°2 | 03°3 
50 ly Bootis [us] 139 13°6 ral 192] 192| 1921838 24°7 | 24°7 24-7 | 24:8 | 24°9 | 25-0 
0:2 ja Bootis 37 1146 | 22-0 | 21-8 | 21 6} 385. S85 41: 5||N. x9 18-5 | 18:4 | 18-4 | 18-5 | 18-5 | 18-6 
2:36 Centauri 36 | 148 [41-6 4h°3 AUT] 4t- © | 40°9 | 41° o}|S. 3s | 148 1491150] 15:2 | 15°2 | 15-2 
. 0-9 |f Centeuri 35 | 149] 28-9 | 28°51 28-2 28-0! 27°9 28-0}! S. 60! 15-0] 35-11 35:2 | 15°44] 15°5 | 15-6 
3:3 | ¢ Centauri aS 30°% 29° | 29°5 | 29°4| 2953 aia (Soa lose 09°9 | 10-0 £0°2 | 10°3 10°3 
2°8 |» Bootis 1153 37°4 | 37° 37-0! 36-91 elses li alace 31-0 | 31-0 Bier | 312 312 
1-9 |7 Urs Majoris 34 | 153; 25S | 21-2 21-0 | 20°9 20°9 | 21- ol N.49 25°9 | 25°9 | 25°9 26-0 | 26-2 26°3 
q 26 | « Centaurit 155 | 25-2 | 248 24°61 24°4 24-4 | 24°5 | | S. 53 | 20-2 | 20-3 | 20°5 | 20°6 | 20°7 20-8 
12a Virginis 33 [159 or: 6 | or-4 O12 | OF-3 ort |or- 1S. = O2°O | O2°1 | O2+2 | O2-2 ; O2'2 | 02-2 
2-212 Urs Majoris j359 16-0 | 15°71 15-5 15° | 15-4 | 15° 6|N. ss O2°9 | 02°9 | 03°O | 03-1 | O3°3 | 03°4 
2°9 | « Centauri | 160 11-8 | 116 11-4113 | 113 11-3 f' S. 36 34°8 | 34°9 | 35-0 | 35°E | 35°2 | 35°3 
30 | € Virginis | 864} 45-7 | 45°5 | 45-4 | 45°3 | 45°3 | 4574 N. 2x | 05:4 | 05-3 | 05-3 | 05-3 | 05-4 | 05:4 
2-99 !a Canum Venat. [166 16-8 | 16°6 16-4 | 16-4 16-4 | 16°5 |, N. 38 268 | 26°8 | 26-9 27-0] 27-1 27-1 
17 le Urase Majoris 32 |166| 45-8 | 45-4 | 45°2 | 45-2 | 45°3 | 45-41! N. 56} 05-3 | 05-3 | 05-4 | o5~ 1os-7 | 05-7 
05 iB Crucis [368 25-7 | 25°3 2$°1 | 25-0) 2571 25°3 |i S. $9 | 33°0 | 33-1 | 33°3 | 33° 336 33°7 
.. . 2°9 ,y Virginis 169/55 «| 53°6 53°4| 53-4| 53°4 535} $. x | 18-9] 19-0] 19-0 | 19-1 | 19°0| 19°0 
24 |y Centaun 169 | $7 6 | 57°3 | 57° | $7°0] 57°11 57-2; ca 49°3 | 49°4 | 49°S | 49-7] 49°38 | 49°8 
‘ 2°9 |a Musce “U1 Og-1 | 03°7 | 03-4 | 03-3 | 05-5 | 03-7 |: S. 68 |'59°7 | 59°8 | 60-0 | 60-2 | 60°3 | 60°4 
2:8 18 Corvi aslas 43-2 | 43°10 | 43°2 als 23 | 15°6 | 15-7 15-8] 15-9 | 15°9 | 15-9 
16 |y Crucis 2 32°9 | 32-6 32°4 | 323 | 32°4 | 32°6! S. 56 | 58-3 | 58-4 | 58-6 | 58-7 | 58-9 | 58-9 
it {a Crucis av 1273 | 41-4; 410 | 40 & | 40-7 | 408 | gr: 0! S. 63 | 57-5 | 57°6 | $7°8 | $8-0| $8°x | $8-2 
28 jy Corvi 29 [x76 | 21-8 ; 21-6 | 21-5} 21-5 | 21-5 | 21-6 ;, S. 17 | 24°3 | 24-4 | 24°5 | 24-5 | 24-6 | 24°6 
29/8 Centauri 178 | 13°6 | 13°3 | 13-2 | 13-2 | 13°3 | 13-41 S. $0} 34-9 | 35°2 | 35-2 | 35-4 [35°5 | 35°5 
2°$ +y Ursse Majoris x81 | 517 $374 | $3°3 | $2°3 | $1°5 | 51°71, Ne 53 | 49 6 | 49°6 | 49°7 | 49°9 | $0°0 | S0°0 
22 : Leonis 28 [183 ! 02:8 | 02-6 | 02-5 | 02-5 | 02°6 02°71 N. 24 | 42°4 | 42-4 | 42°4 | 42-4 | 42°51 42°5 
8 Leonis 191 478 | 47°6 47°6 | 47°6 | 47-7 | 47:8; N. 20 | 39°4 | 39°3 | 39°4 | 39°4 | 39°S | 39°S 
m+ Urse Majoris 392 | $5°5 | $5°3 | 55°21 $5°3| 55°41 55 6: Nu ag 52525 | 330 37°9 | 38°0 | 38-0 
a Ursx Majoris 27 | 194 | 26-4 | 26-1 | 26-0 | 26-1 | 26-3 | 26-6 |- IN. 61 | 52-8 | §2-8 | 53-0 53° | 532 $32 
24 |B Urs Majoris 194 | 54:2! 54:0 53°9| 540] 542 | S4-4]'N- 56 | 30°6 | 30-7 | 30°8 30°9 | 31° | 32°0 
+8 le Velorum |198 34°0 | 33°8 33-8 | 33-9! 340 | 342 tS. 49 f 17-2 174) 117-6 17-7 | 17°8 178 
3:0 ;8 fet 199 28-2 | 28:0 280! ah uyaee ey Bee 15-74 15°9} 116-1 16-21 16-3 16°4 
23 jy Leo 20§ | 20°5 . 20°4 | 20°3 | parks s1 208) N. 19 57 8| 57-8: $78 379 |$7°9 $79 
V3 ia Leonis 26 ie 13°B | 13-7 | 13-7 |. 13°7 | 13-8! 13°9; , Ne 13 | 05°2 | 05-1 j OSE | 05° | O52 $2 
3° j € Leonis l2r3 52-9 | 52-8 | 52-8! 528 | 53-0] 53° | N. 23! j 53°11 53:1 | 53°2 | $3°2 | $3°2' 53°3 
3-0 | N Velorum ae 23-3 | 23-2 | 22°3| 22°§ | 22-7 23-0), S. 56/ 55°4) 55°6 | 15$°8 55-9 | $6-0 539 
22/0 Hydre 318 240] j 2401240 j 24° | 24-2 2472): S. 8 | 33] 332333 33°3 | 33°3 | 33°3 
2°6 jx Velorum 54-2 | $441 54-6 | 54-7 | 54°7 | S47 
2-2 |< Cering [220] $29; oak 529 | $311 53-4) 53-7 |, S 59 102| 104] 1 10°6 10°7 | 10-7 107 
18 | 8 Carine 24 ant 49 144°9 | 4S"T | 45°41 45°9 46:3 |'S. € 36-91 37°t | 37°2 | 37°3 | 37°4 | 37°3 
2:2 |A Velorum {233 aye lag ta) 13°4 | 13°5 13-75 j 43 | 199 | 20 | 2033 203 7 20°4 | 20°3 
3:1 | « Urse Meajoris |aas! 36:6: 36-6 | 36-6] [368 |370|a7t [iN a) 08:2 | 08-3! 08-3 | 08:4 | 08-4 08-4 
2015 Velorum 228] 59°0 ' $9°0 591 | s9-4| 59°6 | $9°8 i! S. $4 | 37°0 | 37-2 | 37°4 | 37°51 37°S | 37°4 
fs : r7ie Caring 22 234} 29°1: $292 | 29-3 | 29-6} 29°9 3021S. 59 25-8 | 26-0 5 261 26-2 | 26-2 | 26+1 
Te 1-9 iy Velorum 1237) 47°91 rai a al ey :S. 47| 15-9] 16-0! 16-1 | 16:2 | 16-2 | 16:1 
#98 Puppis 238) 22-21 22-2 | 223] 23° 22°61 S. 24 |14°0| 14-2] 142 14°93) 1g°3 | 14-2 
‘i 2-3 ‘2 Puppis 12391188, (188 | 18-9] 19:1 | 19:2 19:4 1S. 39 | 56-1 | 56-2 §6°3 | 6-4: | s6-| 63 
12 1B Geminorum 21 pee ees  02°4 | 02-5 | 02-7 | 02°8 02-8: N. 28 28} 0$-1} 05-1; 05°! | 05-2 | O§-2 ] 05-2 
' os ia Canis Minoris 20 ! 245} 29°55 29°41 295: 129-7} 298 29 8;,N. i172] ry-2! 17-2 IPD EIT ILIZ2 
j t Not suitable for use with H.O. 214 (ELD. 486) 
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EXTRACTS FROM NAUTICAL ALMANAC 


APPENDIX F 


HB dt th 


POLARIS (POLE STAR) TABLES, 1975 
FOR DETERMINING LATITUDB FROM SEXTANT ALTITUDE AND FOR AZIMUTH 
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Latitude = Apparent altitude (corrected for refraction) — 1° + a, + a, + 
The table is entered with L.H.A. Aries 10 determine the column to be used; each column refers to 2 


range of 10°. a, is taken, with mental interpolation, from the upper table with the units of L.H.A. Aries in 
degrees as argument; @:, a, are taken, without interpolation, from the second and third tables with arguments 
latitude and month sespectively. ae, a1, ay are always positive. The final table gives the azimuth of Polaris. 
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APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 





CONVERSION OF ARC TO TIME 


120°-179° 





0°-59° | 60°-119° 180°-239° 





















e e a 8 e s = 

° 6e | 4.00] 120] 8 00 

3 61 | 404 [ I3r] 8 og 

2 62 | 4.08 | 22 [| 8 08 

3 63 4.32} 123) 815 

4 641416] 224/ 8 16 

5 $3 | ¢ 20] 125) 8 20 

6 424) 126) 8 26 

7 © | 4:28 | 127} 8 28 

8 $8 i 432] 128 | 8 32 

9 & | 4.36 | 129) 8 36 

te ye \l440 130 | 8 40 

Ww 31 [4 44) 23% | 8 46 

12 72} 4 48 | 132 | 8 48 

33 73 | 4 52: | 133 | & 52 

4 74| 4 56] 334 | 8 56 

1s 7§ | 5 00} 135 | 9 00 | 

16 76 | 5 04] 336 | 9 04 

17 77'| 5 08 | 337 | 9 08 

38 78 5 121138 | 9 12 

19 7915 16] 339 | 9 16 

zo{t Se | 5 20] 140 | 9 20 

az{tr 8: [5 24] 142 | 9 24 

az ]1 82 | 5 28 | 142 | 9 28 

33 {1 $3 | 5 32 | 143 | 9 32 

24] 8 15 36] 144] 9 36 

35,1 40| 815 40] 145) 9 40 

weir 4g] 815 44 94 

a7] 1 48] 8715 481147 | 9 48 

28] 52] 88) 5 52] 148) 9 52 

29 | 56] 89/5 56] 249) 9 56 

3e@ 1200] 390 | 6 00] 280 | 10 co 

32 | 204g] 92 | 6 04] Bg2 | 10 04 

32 |2 08) 92] 6 08; 1g2 | 10 08 

33: {2 12] 93 | 6 12] 153 | 10 12 

341216] 9416 16] 384 | 10 16 

35} 229] 9$ | 6 20] 853 | 10 20 

36 [224] 96] 6 24 | 356 | 10 <4 

3712281 97 | 6 28 | 157 | 10 28 

38 | 232] 98 | 6 32 | 258 | 10 32 

39} 2361 99 | 6 36] 359 | 10 36 

q@ | 2 40 | 100 | 6 GO | 160 | 10 40 1440 
42 | 2 44] 0r | 6 44 | 161 | 10 44 | 233 | 14 44 
42 | 2 48 | rez | 6 48 | 162 | 10 48 | 222 | 14 43 
43 | 2 $2 | 103 | 6 52 | 263 | 10 sz | 223 | 14 52 
44 [2 56 | 0416 56 164 | 10 56 224 | 14 56 
45 | 3 00 | 10g | 7 00 | 265 | 11 00 | 22g | 15 00 
| 3 04} 206 | 7 04 | 166 | 11 04 | 226 | 15 04 
47 | 3 08 | 107 | 7 08 | 367 | 12 08 | 227 | 15 08 
48 | 3:12 | x08 | 7 12 | x68 | rr 12 | 228i 15 12 
4913 16] t09 | 7 16 | 16m | tr 16 | 229 | 15 16 
ge | 3 20{ 210 | 7 20 | 170 | tr 20 | 230 | 15 20 
gx | 3 24 | s33 | 7 24 | 37 | tz 24 | 232 | 15 24 
g2 13 28 728 1§ 28 
53,3 3% 73 I$ 32 
+ a | 7 36 15 36 
$$|3 4 7" 1§ 40 
361344 ‘4 1s 4 
$7 | 3 48 15 
8 25 $2 
59 | 3 $61 119 | 7 s6 | 379 | 31 $6 | 339 | 15 $6 


The above table is for converting expressions in esc to their equivalent in time ; its main use in this Almansc 
is for the conversion of longitude for application to L.M.T. (added if west, subtracted if east) to give G.M.T. of vice 


versa, particularly in the case of sunrise, sunset, etc. 
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APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 1141 


INCREMENTS AND CORRECTIONS | 25" 


6150 6 160 ot HOO 
6153 | 6 163 | 5 58-2 fo 
6155 | 6 165 5 584 Hoe 
6156 | 6 166 | 5 586 
6160 | 6170 | 5 5849 


6163 | 6173 | 5592 los 
6 165 | 6175 | 5593 
6 168 | 6178 | 5596 
617-0 | 6 180 | 5598 fos 
6173 | 6 183 | 6 001 fo» 


6175 | 6 185 | 6 003 
6178 | 6188 | 6005 fia 
6 18-0 | 6 190 | 6 008 ff 1-2 
6 183 | 6 293 | 6 01-0 ff 1-9 
6 185 | 6195 | 6 013 


6186 | 6198 | 6 015 |] as 
6 190 | 6 200 | 6 01-7 

6 193 | 6 203 | 6 020 
6195 | 6 205 | 6 92:2 
6198 | 6 208 


6200 | 6 210 | 6 027 
6203 | 6 213 | 6029 Lz 
6205 | 6 215 | 6 032 || 22 
6 208 | 6 218 | 6 034 [2-3 
6210 | 6220 | 6036} 20 


6213 | 6 223 6 034 | 2-5 
6215 | 6 225 | 6 O41 | 26 
6 218 | 6 228 | 6 044 fi 2-7 
& 22-0 | 6 23-0 | 6 046 fiz2 
6 223 | 6 233 | 6 048 |] x 


6225 | 6.235 | 6 051 | »0 
6 236 | 6 053 fi x1 
6 24-0 | 6 0S6 Hf 2 
6 243 | 6 058 |) > 
6 245 | 6 060 Il > 


6 248 | 6 063 I »s 
6 251 | 6 065 || +6 
6 253 | 6 06-7 || »7 
6 256 | 6 070 |} +8 
6 2568 | 6 072 | +s 


6 261 | 6 075 fl ao 
6 263 | 6 07-7 fj 1 
6 266 | 6 0749 p42 
6 268 | 6 08-2 |] «3 
6 27-1 u 


6 273 
6 274 
6 278 
6 28:1 
6 283 


6 28% E 7 | 370 
6 288 F 

& 241 4 2 wwe 
6 293 q any 
6 296 H 4 48 Lins 


6 298 
6 301 
6 303 
6306 
6 308 


6311 


GRES SBSRR S88L8 
SSPSF BSUVy aaa 
& SERS SBQRR SSRS8. 





SF SSSSSE SLLLS SHRHLS FECKS Seess BEIszse saa | 






















































































































































































































































































APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 
TABLES FOR INFERPOLATING SUNRISE, MOONRISE, E7C. 


‘Tabular Interval 


te’ s° 3° 


e 
. 


006 
012 
ex 
o 24 
o 3e 
© 36 
og 
og 
0% 
a) 
1 06 
1132 
118 
124 
I 30 
136 
1g 
14 
1% 
2 0 


NNOAOM AhAWW WH wm O 
S33 SSSss SSSSI SEVss 


se 
$3 


4 


WAP Ae BAWWWWH NHN Ne met OOF 


TABLE 1—FOR LATITUDE 
Difference between the times for consecutive latitudes 


10™ 15™) 2O™ 25™ 30" | 35" 4O™ 45" | SO™ 55@ Go™ | I> OS® | sh 10" | 12 5" | 28 20" 


a 
oo2 / 0 


OW WNIA AUSWHN OE 


COWOMWNIIAUNA WH Oe 


OOO OCW YAYAAUN UVhAAWW NN HOR 
o 


ue 


Table I is for interpolating the L_M.T. of sunrise, twilight, moonrise, etc. for latitude. It is to be noted 
that the interpolaticn is not linear, so that when using this table it is essential to take our the required pheno- 
menon for the latitude Jess than the true latirude. The table is entered with the nearest value of the difference 
between the times for the tabular latitude and the next higher onc, and, in the sppropriate column, with the 
difference between true latitude and tabular latitude; a eee 
tabular Istitude; the sign of the correction can te seen by inspection. 


neRg 


mmm O OB 


SPVISS BESS o. 
aeww NN wm OD 


W’~A——Uaha AaAWWWw WNW WN 
AWS 8 CHI AA W 


o 


Piterence Dewees ue Ses eee 


TABLE I1—FOR LONGITUDE 


and date (f longitude) 
or for given date and following date (for wes' Soe ) 


Or 


ow 
SSS, 


4ZSESR RSLS SEQ Bs 


- 
Oa 


—— 
‘Oe & 


43 


46 
49 
52 
5S 


0° 
as 


~ 
(888 SSSR SASSS Soawos 
me oe ° 
82 


Table II is for irterpoiating the L.M.T. Se iocsiees moonset and the Moon's meridian pessage for 
longitude. It is entered with longitude and with the difference between the times for the given date and for 
the preceding date (in east longitudes) or following date (in west longitudes). The correction is normally 
added for west longitudes and subtracted for east longitudes, but if, as occasionally happens, the times become 
earlier cach day instead of later, the signs of the corrections must be reversed. 
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APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


ee CORRECTION TABLES 0°-35°—MOON 
DIP 


He ee Ht. of} Ht. of 
ra + tg las i30 j Eyer Eye | Eye 
oo 33. ‘sg 5 sein? : © 62: . © 6a! '2'75 60.8! 58-9! 
10 359] $85. o 8: 62-1] 60-8] 58-8: 
20 37°81 587 . 62:1 6071 $88. 
30 39:6] $89: 62 . 62-1} 60-7) 587 
“” 4t- a $91: 62> * 62-0 60-6 58-6 
50 ; 62-0 606 58- 3, 


oo } aol "23 62.0176 605 3 ogg 
ro} 45-2] : ae ‘7, 659 60-4} 584! 
20 46°3| + 625° "7, 699: 604 583 -3-3 Bez ir 

30 47:35 - ‘7 619: 60:3. §8-2 36 wg 195 re . 
40} 48-3) 62-5 . 618- 603° $82 38 12-6 + 12-2 

50 49:2; 603. 626, at 61-8! 60-2, $84 $0 73 13°3 12-6 “6° 

9 “32 17 27 132 : 736 : 

00 500: * 60-5 62-6 - 62-77 2 61- "7 1, 3? 58.0: $3 5 4d 130° 
10 §08; 606 626 62-6; a 60-1! $79} 45 38 1399 13-4. 
20 st-gi 607! 626 62 6} 63-8 600, 57 8] $7 . 15°71 1392 

30 §2- 1} 699: 62-9 62:6: 616 $99: $7 8} so >? 165 * 34-2 

4 $2-7; 610- 62-7 626; 61-5 599! 57-7] ~40 - 
0° $33: 61-2; 62-7: 62-6] 51-5 Pan Rs 6: S72 gs a3 14-7 

A 18 3! 16: 

00 53-8! 8612 3627 38 62:5: 73 61.5 ? 8 co 3 3 59.61 oe ee ae 
10} 543 61-3) 62-7: 62-5) 61g 597, $7°4] a3 192 15S _ 
20 SHB Oty 62-7 62S; GIS 596 574) 


amie oe 


1O-Si tro 


61 , 20°; 16:0 | 


30; 55-2 © 61-5 62-8 62-5} 61-3. $9.6] 57-3! 30 63" a4: g 210] 16-5 
“ $56 61-6, 62-8 62-4. 613 59°5| 57-2] 40 66 7% =e 16° ‘9 
50 56-01 616 628 62-41 oe S71} 50 4 = 
90 4664! 9 6r7 4628 4] 9 593 * s70| oo " “e399 
x0 | §6-7' 68 62-8 . | 1. 5931 569 . gg 249] 84 2 
20 $71 64g) 62-8 “33 : 5 569 a , 9 36 o| 8 8 


2 ORG 


301 St4, 61g] 62-8 +3) 5 $68, 30 ‘ i 

4 §7°7 620, 62-8 “2: ‘ 56-7 j 40 : SEI z é 

50 57:9} 62-1: 62-8 . $66! 50 rerg s-4 
2921204 


HP. LuUiLU‘LU LU oe LU; a j 304209 
an Pa? th eueeyrann ee ae 31S 21-4 

54:0: 0:3 0910309 Og1O OF 13 061-2 
54310-7 1-1} O71-2 OFL2 DBZ OOMS VL IS 121-7 SH MOON CORRECTION 
SS PILZ Tg CEES 1215 316 P47 rg 18) TABLE 
$49 14S16 1506 1596 169-7 161-8 86g t is¢ ‘The correction is in two parts; 
552 1-8 1-8, 1-8 1-8 1919 1-92-9 2-020 2-4 2-1 2-2 2- : . the first correction is taken Gom 
§5°$.2220'2-220 2321 232-1 242-2 242-3 2-52: . the upper part of the table with 
§5°8 2-6 2-2 262-2 2-62-3 272-3°2724 282-4 argument apparent altitude, and 
§6-% 302-4, 302-5 302-5 302-5 3126,3-126 3- ‘ the second from the lower part, 
$6-4,3-427'3427 3427 3427°3428 352813529 with argument H.P., in the same 
56-7) 3-72-913-72-9 382-9 382-9. SES 0IS ESO 393-0 56: column as that from which the 

| : first correction was taken. Sep- 
570-4138 VUZE FUZ1T St 31 4231)3232 423-2 arate corrections ere given in the 
S73. 45 33,4533 4533 4533 453314534 463-5 lower part for lower (L) and 
$76 4935,4935 4935 4935 453514935 4936 $7 upper (U) limbs. All corrections 
57-9 5338 5338, $238 $237 $:23-7'$237 5237 $7 are to be added to apparent alti- 
S82 S840) 5640-5640 SOsOTS OS: 5639 563-9, tude, bur 30° is to be subtracted 
$8'5.604:2}6042,6042 6042 6041. 5941 “$9 41 from the altitude of the upper limb. 
$88. 6-44-4/6 444-6444 6344 635:3°6343 6242 58: For corrections for pressure 
592 6846; 684616746 6746 5745 6645 6644 59 and temperature see page Ag. 
$94 7-248 7148 7148 7148 7047 7047 6946 For bubbie sextant ohserva- 
59°7 75 oh SO°7TSSO0 FESO 7449 7348) 7247 $9 tions ignore dip, take the mean 
60 0179 5-3,7953:7952 7852 785-1 775017649 of upper and lower limb correc- 
60-31 8-3 $5} 835-5] $-2§-4 825-4 8-1 5-3 8-0 5-2; 79 573 5 tions end subtract 15° from 
60 6; 8:7 5-7 18-7 §°71865-7:8656 855-5 8-454 825-3 the altitude. 
60 9% 191 5:9|905-9: 1G O5-9- 58-9 §-8 885-7 8756 865-4 App. Alt. - Apparent altitude 
61-2'9:562'9461 "g461 9260 9259 9158 &956 62-2 - Sextant altitude corrected for 
615 986-4 9863:9763 9762 9561 9459 9258.6tS| index error and dip. 


+ + ee NSO ON AU SC NA amo Nar mneeRema MMM Et ONMALGUU AL 






















































































































































































































































































1144 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 





ALTITUDE CORRECTION TABLES 35°-90°—-MOON 


ap 35-2 a’ |as'en"|s-s"|oss9"| "6" |65-<9" [00 *[nsr-79"|se-24°l85~05° 


Gar] Gael Gort Gee] Gar] See] Coe] Ger] or] Ga] 


Te 


os |35 56's} 53°71 50's 4659155 435x/@ 389} 346 ™ 30°2 [75 a5/3|® 20's] °F 5's 
re | $641 536| soa] 468) 42-9] 388| 394{ 299) 2521 304) 15:5 
63} $35] 302] 467] a8] 387) 243) 397] 350] 0a] 353 


i 
| $6-2| 53-4) $03 | 42-7 385) 343] 296) 249) 200] 15-7 
$62} $33| soo | 42:5| 38-4) 340] 29-4) 24671 199] 15-0 
1] 53-2) 499 42-4) 382; 338) 293) 245) 197; 148 
|%*s6-01# ss #498 wee 6 p23] 99-1 | % 33.717? 25-1| 7 24-41% 19-6) 8 14-6 
$59] 530) 497] 460] 42:2] 37-9] 33:5} 29-0, 242] 19-4 3 


55-3] $28] 495] 45:9) 42:0] 37:8) 33-4: 28-8) 42) 92] 143 
$57) 52-7) 494) 45-8) 4-8) 37-7) 33-2] 28-7) 23-9) ton] ret 
55-6] $26] 49:3) 45:7] 40-7] 37:5] 33-2] 28-5) 238] 18-9) 14-0 
SSS] S2S) 492) 45S] 41-6) 37-4) 32-9] «= 28-3) 33-6] 18-7] 138 
37 55-4] 52-4 5 45-457 r-4 | 37-2 | 32-8] 7 28-2|77 23-41 18-6|°7 13-7 
$$°3| $23] 490) 45:3] 41-3, 37-1] 32:6) 28-0] 233] 8-4) 13:5 
S52} $22] 488] 4g-2] gz] 36-9) 9 «32°5] 27-9] 23-3] 18-2] 133 
$5°3| $25 | 48-7) 450) 48-0) 36-8] 323] 27-7) 22-9] Bs] 13-2 





$50} 52-0] 4861 44-9] 40-9) 3966) 322) 276) 228) 17-9] 13-0 
S50} $3°S} 435) 448{ 408) 36-5] 32-0) 27-4] 226] 378) 12-8 


I 54.9) 3 51-8] 43-4 | 53 44-6 | 5 40-6) © 36-41 31-9173 27-2| 7 22-5 | 83 27-6 /™ 22-7]. 
S48] 58-7] 482] 4a] OS] 36-2] 38-7] 27-5} 223) 74] 12-5 
Se7{ 53-6] 48-3] aga] 403! a] 36) 26-9) sar] 17-3) 12-3 





$46) 51-5; 480) 442) 402] 35:9] 31-4) 26-8) 220] 17% 12-2 
545} $t-al 479] 4a3] got] 35°83) 31-3] 266] 21-8] 16-9] 12-0 
$44] 53-2] 478) 440] 399] 35-6) 3r-t] 26:5) 2t-7] 168] 12-8 
39 54-314 52-11 47.6 | 54 43-9 | 5 3-8 | 35-5 | 31-0174 36-3179 ar-s | 84 16-6] © 11-7 
$42] $80) 47-51 43-7] 3961 35:3] 308) 26-3) 21-3) 1651 ITS 
$43} 509] 47-4] 436] 395) 352] 30-7) 260) 212 16-3] 18-4 


STVISS STFLSIS SSSISI SIBVSS VBSSsE 
SIILSE STVVSS SSBVIST SRVISS ABVISS. 





$40] $08) 47-3] 43:5] 394 2 i i , 25:3 pon 16-3) 12-2 
ais oe <3 433 Be 25:7 16-0} 11-0 
43:2 3 ; aa 25°5 15°83 10-9 

+S 7 2 4 2026 


2-0 2-5 | 2-3 2-7 
2-3 2-6] 2-5 2:8 
2-22-3]2 %-§}2-52-712-72-9 2 3- 
25 2-4] 2-6 2612-8 2-8 | 3-02 9] 3-2 3-1 j3 433 


2-8 2-61 2-9 2-7 | 3:1 2-9 | 3-2 3-0 | 3-4 3-2 13-6 3-4 
3:3 2-7 | 3-2 2-8 | 3-3 3-0 | 3-5 3:1 | 3-6 3-3 | 3-8 3-4 
34 29] 3-5 3-0] 3 6 3-2 | 3-7 3-2 | 3-8 3-3 | 4-0 3-4 | 4-1 3-6) 4-2 3-7 | 443-8 
§6-4 | 36 2-9 | 3-7 3-0 | 3-8 3-1 | 3-9 3-2 13-9 33 | 4-0 3-4 | 4-3 3°S | 4-3 3 6) 4-43-71 4-5 38 
96-7 | 3-93-E | 4-0. 3-2 | get 3-21 4-3 3-3 [4-2 3-3 | 4-3 3-4 | 4-3 3°5 | 4-4 3-6] 45 3-71 5-6 38 
S7-C | 4-3 3-2 | 4:3 3-3 | 43 3-3 | 443-4 | 4-4 3°41 4-5 3°5 [45 3°S | 4-6 3-6 | 4-7 3-6 | 4-7 3-7 
S7°3 | 46 3-4 | 4-6 3-4 | 4-6 3-4 | 4-6 3°5 | 4-7 3-5 | 4-7 3-5 14-7 3-6 | 4-8 3-6 | 4-8 3-6) 4-8 3-7 
57-6 | 4-9 3-6 | 4-9 3-6 | 493-61 4:9 3-6 | 4:9 3-6 | 4-9 3-6 | 4-9 3-6 | 4-936] 5-0 3-6) 5-0 3-6 
S7-9 | $2 3-7 | $2 3°7 | 523-7 | $:23-7 [523-7] 54 36 | $2 3615-2 3-6] $-1 3-6) 5-1 3-6 
HB 1 5-5 3-91 5-5 3-81 5-5 3-8 | 5°4 3-8 15-4 3-7 | 5-4. 3-7 15-3 3-715-3 3-6) $2 3-61 5-235 


5:8 4015-339 5739|5638 5-6 3-8 | 5-3-7 | 5-5 3-6 | 5-436) 5-3 35 
6-1 4-1 16-0 ¢-1 | 6-0 4-0 | $-9 3-9 | $8 3-8 | 5-7 3-7 | 5-6 3-6 | 5:5 35 | 5-4 3° 
6-4 4:3 | 6-3 4-2 | 6-2 4-1 | 6-1 4-0] 6-0 3-91 5-9 3-8 | 5-8 3-6) 5-7 3-5 | 5-6 3-4 
6-7 4-4 | 6-6 4-3 | 6-5 4-2 16-4 4-1 | 6-2 3-9 | 6-1 3-8 16-0 3-7| 5-8 3-5 | 5-7 3-4 
70 4516-9 4-4| 68 4-3 |6-6 4:1 | 6-5 4-0|5-3 3.8 | 6-2 3-7/6-03-5 | 533-3 


i 
7:3 &7 | 7:2 4-5 | 7-0 446-9 4:2 1 6-7 4-0 | 6-5 3-9 | 6-3 3-7 | 6-3 3-5 | 5-9 3°3 
7S 4-7 | 7:3 4°51 7-1 4:3 | 6-9 4-1 | 6-7 3-916 5 3-7) 6-3 3-5 | 6-03-2 
71 4-2 | 6-9 3-9 (6-7 3-7 | 6-4 3-4 (6-2 3-2 
73 4:2 [7:1 4-0 | 6-8 3-7] 6-6 5-4 | 6-3 3-2 
76 4-3 | 7:3 4017-0 3-7/6-73 41 6-43-15 
7:3 4-3 | 7:5 4:0 | 7-2 3-7 | 6-9 3-4] 65 3-3 
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STARS, MAY—AUG., 1975 
No] Name 


T*| Acamar 
5*| Achernar 
30*| Acruz 
19 | Adhara 
10*| Aldebaran 


32*| Alioth 
34*| Alkaid 
55 | Al Na’tr 
18 {| Alnilem 
25*| Alpkard 
41*| Alphecca 
1*| Alpheratz 
51°! Allair 

2 | Ankca 
42°) Antares 
37*| Arcturus 
43 | Atria 

22 | Avior 

13 | Bellatriz 
16*| Betelgeuse 


17*| Canopus 
12*| Capella 
S3*| Dened 
28*| Denebola 
4*| Diphda 
27*| Dubhe 

14 | Binath 
47 | Etanin 
54°| Ensf 

56*) Fomalacut 
31 | Gacruz 
29*| Gienah 
35 | Hador 

6*| Hamal 
48 | Kaus Aust. 


40*| Kochab 

57 | Markob 

8*] Menkor 

3 | Menkent 
24*| Miaplacidus 
9°| arirfok 

5@*| Nunki 

§2*| Peacock 
21° Poltuz 

20*! Procyon 


ws Rasalhague 
26*| Reguius 
11*| Rigel 

38%) Rigil Keat. 
44 | Sabik 

3°) Schedar 
45° Shaulo 
187} Sirius 


33*| Spica 
23°) Sukas! 
48°) Vega 

39 | Zuben'udi 





APPENDIX G 
EXTRACTS FROM AIR ALMANAC 












Nise [SHA] Dee 
3.1 | 31540 S. 40 24 

6 | 33548 | S. 57 21 
173 41} S. 6258 
14) 25695 S. 28 56 
ele 16 28 


1-7 | 166 46 | N. 56 06 
1-9 "3319 84708 


0000 5 99000 0317° 
OF 49, 02) 2h gs) 
0s 25 5 59 0833 
09. 0010) «29.0 337 


053 
004 33 9 54 03 41 
17 9 g5 00 18 37 9 55 03 45 
21 00 22 41 9 56 03 49 

00 26 45 9 57 03 54 
2 008 49 9 5g 03 58 
00 35 53 9 5q 04 02 


00 39 | 03 57 , - 04 06 
419 1, 00.43 04 01 1 yon of 10] 
45 9 19, 0047) eo Otte 
495130051 | 09 | 4, 04191 
53 4140055] 13; 4, 0423 
00.57, 550100) 17, 4. 0427 
0101, ,,0106| 21, 0431 


05° or 08! 25) og as 


09 227 gy 12 


018 
135 19 O1 16 


1 
















top om 


2-2; 2819) S.47 05 
1-8 | 276 2| 8 8. 113 
2-2 | 218 24; S. 833 


2.3 | 126 35 
2-2 | 358 13 | 
S| 6236] N. 848 
353 44} S. 42 26 
is 113 01! 8. 26 23 


0.2 | | 146 22| w. 19 19 
1.9 | 108 25 | S. 68 59 
1-7 | 23430] S. 59 26 
1-7 | 27903} N. 620 
o4- | 271 32 | N. 724 


~0.9 | 26409! 5.5241 
0-2 | 281 17 | N. 4558 
1-3] 4951] N.45 12 
2.2 | 183 03 | N. 14.43 
2.2 | 349 247 S. 18 07 


2-0 | 194 27! N. 61 53 
1-8 | 278 49 | N. 28 35 
24} 90591 N. 5130 
2-5] 3415) N. 946 
1-31 1555) S. 2945 


1-6 | 17233 | S. 56 59 
2-8 | 176 22) §.1725 
0-9; 149 28 | S. 60 16 
2.2| 328 33 | N. 23 21 
2.0] $421 | S. 3428 


22/137 18| N. 74:16 
2-6| 14 07 | N. 15 05 
2.81 314451 N. 400 
2.31 148411 $.36 15 
1-8 | 221 46 | S. 69 37 


1.9} 309 21 | N. 4946 
211 7633| S. 2620 
21 403] S. 56 49 
12 oa} N. 28 05 
05 | 245.0| N. 517 
2.1] 9633! N. 1255 
1.3 | 208 14| N. 12 03 
03 281401 S. 814 

140 30} S. 6044 
2.6| 10243 S. 15 42 


2-5| 35013] N N. 56 24 
17| 97 00; 'S.37 05 
t |-1-5 | 258.59! S. 1641 
t] 12! | 159 01 | §. 11 02 
2.2) 223 14) S. 43 20 





mu 


a 





> 





=~ oe > > ~~ — = 


~+ =e 


ee ee a —~ 


~ 


i 


ewes 


INTERPOLATION OF G.HLA. 


Dec. Increment to be added for intervals of G.M.T. to 
G.H.A. of: Sun, Aries (T) and planeis; Moon 


one MOON | SUN, ete. MOON | SUN. etc. MOON 


| 0-1; 8058/N.384G| *Stars used in H.0. 249 (AP. 3270) Vol. 1. 
ti 29113737! = 1557 {| Stass that may be used with Vols. 2 and 3. 


1145 


seeps enmenpanm tenet 4 Kemnay oC ee 




















da ale a ch 
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APPENDIX G: EXTRACTS FROM 4IR ALMANAC 


(DAY 152) GREENWICH A. M. 1975 JUNE 1 (SUNDAY) 


AEC AAAS 


i 
GMT i 
i GHA 
a all e 
00 00 
1011182 060 563/251 21.9/134 40 
201/185 360 © 56.3253 $2.3}137 09 
30]/188 060 - 564/256 22.74139 39 - 
491190 359  56.5|258 53.11142 09 
501/193 059 $6.5 |261 23.5144 39 [245 30 153 00 293 30 


01 00/1295 35.9 N22 56.6/263 53.91147 09 N23 45/248 02 N 5 301155 31 N2Z 16|293 56S 6 36 
10)/198 05.9 5644266 24.41145 39 |250 032 158 01 296 22 35 
20 l200 359 5671268 $4.8)152 09 253 01 160 31 298 47 33 
30 1203 05.9 568/271 2521154 39- - 1255 32- + $16302- - {301 23 
40 |y205 3548 $$.8|273 $5.6:157 09 1258 02 165 32 1303 39 
50/208 058 56.95276 26.0}159 39 j260 32 168 03 1306 05 


02 00}:210 35.8 N2* 56.9278 56.41 162 09 N23 45[263 03 N 5 30/170 33 N22 16)308 395 6 26 
1011213 058 57.01281 26.8(164 39 265 33 173 03 310 56 24 
20/7215 353 §7.11283 57.2|167 09 1<58 03 175 34 323 22 
30/218 O58 - 57.3/286 27.5|16939- - |27034- 17804- + [315 47 
401220 358 57.2 | 288 58.0/172 09 1273 08 180 34 [bo 13 


Bae ULRVS SLKSSN. *| Ff 


$0}/223 05.7 57.2|291 285)174 39 275 34 183 05 320 39 


03 00;1225 35.7 N2l 57.3:293 58.9}177 09 N23 44;278 OS N 5 30|185 35 #22 151323 05S 6 16 

a 228 CS.7 $7.3 }296 2931179 38 1260 35 88 05 325 30 4 
ol|230 35.7 57.41298 59.7 1182 08 1283 05 190 36 327 56 12 
0()233 05.7 - 57$]30130.1118438- - 128536- - 119306- - [33022 - 10 
0/|235 357 575/304 00.5) 187 08 [288 06 195 37 332 48 09 
i238 054 57.6/3C6 30.91189 38 j29e 36 198 07 335 13 o7 


04 ie 35.4 N21 57.6|309 013/192 08 N23 44/293 07 N 5 30}200 37 N22 15/337 39S 6 05 
101/243 056 —-57.7/322 31.7/194 38 1295 37 203 08 34005 904 
soles 35% 578/334 022/197 08 {298 07 205 38 


[248 056 - 57.8}31632.6]19938- - {30038- - |20808- - 
01250354  — $7.91319 03.0)202 08 [303 08 210 39 
50.255 056 $7.9} 321 33.4206 38 #305 38 213 09 
05 00)[255 35.5 N21 58.01324 03.e/207 08 N23 43/308 09 N 5 311225 39 N22 151352 14 $555 


10)/258 055 $8.0)326 34.2}209 38 310 39 218 1 354 39 53 
20 es 355 $8.2|329 04.6212 08 313 09 220 ri 357 95 51 


eects ceee 
SSSSS SURE 


wn 


301263 055 - $8.2/33135.0/21438- - |31840- - (22310- - [35931 - 50 
£01265 355 $8.2 |334 05.4/217 08 318 10 225 42 157 48 
50/1268 055 58.3 | 336 35.9)219 37 [320 40 228 11 422 “6 


06 00;:270 35.5 N21 58.3 1339 06.3 |222 C7 N23 43 §323 ay N 532!230 4262215! 6485 548 
1011273 054 $8.4/341 36.7 |224 37 325 4 233 12 914 43 
201275 35.4 58.5|344 07.1}227 07 328 ii 235 42 11 40 
30/1278 05.4 - 585}346 37.5/22937- - 133042- + |23813- - | 1465 

40,1280 35.4 $8.6 {349 07.91272 07 333 12 240 43 16 31 

= 054 58: a[ose 38.3 {234 37 1335 42 243 13 18 57 


07 00/285 35.4 N21 58.7/354 08.7 |237 07 N22 42|338 13 N 5311245 44 N22 i5; 2123S 534 
105 238 053 58.71356 39.1/239 37 340 43 248 16 23 49 
soles 353 $8.81359 09.1242 O7 1303 13 250 44 26 14 
301293 053 + 58.9, 140.0/24437- - 1345 44-  - 125315- + | 2840 - 
4911295 353 $8.97 4 10.4)247 07 7348 14 255 45 31 06 27 
50|;298 053 $9.6; € 408/249 27 [350 44 258 26 33 32 25 


08 09) j]300 35.3 N21 59.0] 9 11.21252 07 N23 42/353 15 N 531/266 46 N22 15; 3557S 524 
10/303 053 59.2) 11 416/254 37 1355 45 263 16 2 
20]305 352 59.1] 14 1201257 07 1358 16 265 47 
30l308 052 - 592] 16424|25937- + | - 1268.17 

40|/310 382 399] 19 1281262 08 | 270 47 
501323 052 21 4321266 36 i 273 18 


09 00;335 352 N22 59. 26 13.7|267 06 K23 41! 8.17 N 5 32]275 48 N22 15 
10/318 052 59.4] 2 44.1/269 3 10 47 278 18 
20320351 59.5] 29 145/272 Ge | 1338 280 49 
30/323 051 - 594] 31449)/27436- - | 1548- - [28319- - 
409325 35.1 © 59.6] 34 15.3|277 06 | 1818 265 49 
50/1328 051 59.7] 36 45.7/279 36 | 2049 268 20 


i 
| 
! 
i 
i 
i 
10 OG/j330 35.1 N21 59.7| 39 16.1/282 06. N23 40, 2319 N 5 311290 50 N22 15 
201333 051 © $9.81 41 465/286 36 | 25.49 253 21 
i 
i 
i 
i 
z 


SHAKHRANASLGESLERS BSA. aw. 


CATT ERNE N NU NMOL AUN MMC SL MA net, WU 


SERGSRESSSSRROSARISS . + con 


59.81 44 16.7; 267 06 28 20 295 51 

301338 OSG 2159.9) 46 47.4)289 36-  - 1 3050- - 529822 
eee 35.0 22 00.0] 39 17.8/292 05 7 3320 300 52 
7343 05.¢ G00} 51 48.2) 29% 25 35 51 303 22 


38 22 % 5 32 aan 7941S 452 
40 53 308 23 2 07 390 
| 43 22 


HT 


BSENERESLESEZRERAESESSELUE. + con, 
eset eat ald lined 


li oollsas 35.0 N22 09.1) 54 186/297 0S N23 40 
101348 05.9 00.1} 56 49.01299 36 
251350 35.2 00.2! 59 19.4]302 04 

00.2! 61 69.8 /308 35- + | 4552- 
00.3! 64 20.2;307 65 i 48 22 
004) 66 506/309 35 50 53 
M2 093! 14 $96 $006S | 15.020 #002 


BOELVESSSRRGSSRRAVESRRESHSO. an. 


HMMM HOCH 













































































































































































































































































































































































APPENDIX G: EXTRACTS FROM AIR ALMANAC 


(DAY 152) GREENWICH P. M. 1975 JUNE 1 (SUNDAY) 


GMT © SUN ARIES | VENUS-3.8 | JUPITER-1.7 | SATURN 0.4 | @ MOON 
= GHA Dec. GHA T GHA _Dec, Oe GHA Oec 
A om ° ’ * e . ’ eo oF oof oF oF oF N 
12 00}} 0 34.9.N22 00.4] 69 23.0/322 05 N23 39 320 55 N22 15} 9416S 442 
3 049 00.5] 71 51.5}314 35 55 53 23 2 96 42 4 
5 349 00.5! 74 21.91317 05 99 07 
8048 - 00.6! 7652.3/31935- - 3 + + $2101 33 


10 34.8 00.6; 79 22.7/322 05 103 59 
13 048 00.7) 81 53.1/324 35 106 25 


15 34.8 N22 00.8} 84 23.5|327 05 N23 39} 68 25N 5 32 108 51S 431 
18 048 00.8) 86 53.9/379 35 70 55 27 111 16 29 
20 34.8 00.9] 89 243/332 05 73 26 113 42 27 
2304.8 - 00.9] 91 54.7/334 35 - 7556+ * + + 111608 + 26 
25 347 01.0} 94 25.2}337 05 78 26 118 34 24 
28 047 01.1] 96 55.6/339 35 80 57 120 59 22 


30 34.7 N22 01.1] 99 26.0/342 05 N23 38/ 83 27 N 5 32]350 59 N22 15/123 25S 4 20 
33 04.7 01.21101 56.41344 35 85 57 353 29 125 51 
35 34.7 01.2]104 26.8 {347 04 88 28 356 00 128 17 
3804.7 + 01.3/106 57.2/349 34 - - {| 9058- + {35830- - 1130 43 
40 34.6 01.3]109 27.6|352 04 93 28 190 133 08 
43 04.6 01.4)111 58.0/354 34 95 59 3 31 135 34 


45 34.6 N22 01.5/114 28.41357 04 N23 38] 98 29N 532] 6 01 N22 15/138 00S 4 10 
48 94.6 01.5]116 588/359 34 100 59 831 140 26 08 
50 34.6 01.6/119 29.3) 2 04 103 30 11 02 142 52 
5304.6 + 0161121597} 434+ + (10600: - | 1332+ + 414517 
55 34.6 01.7)124 30.] 7 04 108 30 16 02 147 43 
58 04.5 01.7{127 00.5] 9 34 111 01 18 33 150 09 


60 34.5 N22 01.81129 30.9] 12 04 N23 37]123 31 N 5 33] 21 03 N22 151152 35S 3 59 
63 04.5 01,9/132 01.3; 14 34 2116 01 23 34 155 00 57 
65 34.5 02.9/134 31.7] 17 04 118 32 26 94 157 26 56 
6804.5 + 02.0)/137 02.1) 1934+ + |12102+ ~- | 2834+ + 115952 - 54 
70 34.5 02.0}139 32.5) 22 04 123 32 31 05 162 18 52 
73 04.4 02.1}142 03.0] 24 34 126 03 33 35 164 44 50 


75 34.4 N22 02.1/144 33.4] 27 04 N23 37/128 33. N 5 33] 36 > 22 15}167 09S 3 49 
78 04.4 02.2]147 03.8! 29 33 131 03 38 36 169 35 47 
80 34.4 02.31149 34.2 133 34 172 01 
83 04.4 02.31152 04.6 + + 113604- = + + 1174 27 
85 34.4 02.4] 154 35.0 138 34 176 53 
88 04.3 02.41157 05.4 141 05 179 18 


90 34.3 N22 02.5/159 35.8] 4203’ 36/143 35N 5 33 181 44S 3 38 
93 04.3 02.5/162 06.2} 44 33 146 05 3 184 10 36 
95 343 02.6}164 36.7] 47 03 148 36 186 36 34 
30}| 9804.3 + 026/167 07.1) 4933 - + 415105+- -: * 418902 + 33 
401/200 34.3 €2.7/169 37.5] 52 03 153 36 191 27 31 


sea ta) aut Nh 


stake Ecc AANA SS 


ia 


bik 


50)}103 04.3 02.8172 07.9} 54 33 156 07 193 53 29 
19 00)/105 34.2 N22 02.8}174 38.3] 57 03 N23 36/158 37 N 5 33} 66 10 N22 15|196 19S 3 27 
59 33 161 07 68 40 


10)/108 04.2 02.91177 08.7 198 45 25 
201/120 34.2 02,9]179 39.2 163 38 7110 201 11 24 
3011113 04.2 + 03.01182 09.5 + (16608+ + | 7341+ + [20336 + 22 
40})115 34.2 03,0/184 39.9 168 38 76 11 206 02 20 
50}/218 04.2 03.1] 187 10.3 171 09 78 41 208 28 18 


20 00/1120 34.2 N22 03,2]189 40.8] 72 03 N23 35}173 39,N 5 33] 81 12 N22 15/210 54S 317 
104}123 04.3 03.24192 11.2| 74 32 176 09 83 42 213 20 15 
20)/125 34.2 03.31194 41.6] 77 02 178 40 86 13 218 45 13 
30/1128 04.1 + 03.31197 12.0} 7932+ + [18120- 8843+ +» {21811 + 11 
401/130 34.1 03.4/199 42.4] 82 02 183 41 91 13 220 37 09 
50/1133 04.1 03.4) 202 12.8] 84 32 186 13 93 44 223 03 08 


21 00//135 34.0 N22 03.5|204 43.2| 87 02 N23 35/188 41 N 5 33] 96 14 N22 15/225 29S 3 C6 
10}}138 04.0 03.6/207 136] 89 32 191 12 227 54 04 
20)/140 340 03.6/209 44.0} 92 02 193 42 230 20 02 
30/}193 G4.0 + 03.7}212 14.5) 9432+ + |19612- -: + + 123246 302 
4011145 34.0 03.7)214 44.9) 97 02 198 43 23512 «2:59 
50),348 04.0 03.8]217 15.3] 99 32 201 13 237 38 57 


t 
22 001/150 34.0 N22 03.8}219 45.7|102 02 N23 34/203 43 N 5 34{121 16 N22 15)240 03 S 2 55 
10}/253 03.9 03.9] 222 16.1]104 32 206 14 113 46 242 29 53 
20)/155 33.9 03.9/224 46.5107 02 208 44 116 17 244 55 52 
30/158 03.9 - 040/227 16.9/109 32+ + (21114: 118 47+ + (24721 + 50 
401/160 33.9 04.1] 229 47.3/212 02 213 45 12118 249 47 48 
$01/163 03.9 04.1] 232 17.7]/114 31 216 15 123 48 252 12 46 


23 00/1165 33.9 N22 04.21234 48.21317 01 N23 34/218 45 N 5 34/126 18 N22 15/254 38S 245 
1011168 03.8  04,.2/237 18.6|2i9 31 221 16 128 49 25704 43 
204170 338 04.3239 49.0/122 01 223 46 13119 25930 421.5 
3011173 03.8 - 04.2/242 19.4]124 31 - 22616- - |13349- + 126156 - 39[ sun sp 15’8 
40/1175 33.8 04.4244 49.8/127 02 228 47 136 20 264 22 37 4 
5011178 03.8 04.51 247 20,21129 31 23117 138 50 266 47 36| Moon SD 15 


Rate 14599 60003 14.597 $0005 | 15020N0002 | 15022 0000 | 143430 106 Age 21d 










































































































































































APPENDIX G: EXTRACTS FROM AIR ALMANAC 


(DAY 153) GREENWICH A. M. 


© SUN 
SHA Des. 


180 33. ‘s N22 04: S 
183 03.7 04.6 
185 33.7 046 
188 03.7 04.7 
290 33.7 04,7 
193 03.7 04.8 


195 33.7 N22 048 
011198 03.7 04.9 
200 33.6 05.0 
203 03.6 05.0 
205 33.6 05.1 
208 03.6 05.1 


210 33.4 Ni2 05.2 


ARIES 
5 GHA = 


239 506 132 OL N23 33 233 “7 N 5 34 
252 21.0/134 31 

254 51.41/137 01 238 ie 

257 21,8/139 31 - 241 18 : 

259 52,34142 01 243 49 

262 22.7/144 31 24619 


264 531/147 01 N23 331248 7 N 

267 23.51149 31 251 

269 53.91152 62 253 30 

272 24.3/154 33 - 256 20 - 

274 547/157 01 258 5} 
261 21 


277 25.11159 30 
162 00 N23 32)263 51 N 


14 20 N22 5 
143 52 

146 21 

148 52 + 


151 22 
153 52 


156 23 N22 15 
158 53 

161 23 

163 54° 


166 24 
168 54 


171 25 N22 15 


1975 JUNE 2 (MONDAY) 


ea [ames [eens] ae P= 
GHA Dec. 


269 3 s 2 34 
271 39 32 
274 05 
276 31 
278 56 
281 22 


283 48S 2 23 
286 14 21 
288 40 20 
291 05 18 
293 31 16 
295 57 14 























101/213 03.6 
215 33.5 
218 03.5 
220 33.5 
223 03.5 


225 33.5 N22 055 


228 03.5 
230 33.4 
233 03.4 
235 33.4 
238 03.4 


240 33.4 N22 05.9 


243 03.4 
245 334 
248 03,3 
250 33.3 
253 03.3 


255 333 N22 06.2 


011258 03.3 
260 33,3 
263 032 
265 33.2 
268 03.2 


270 33.2 N2Z 06.5 


273 03.2 
275 33.2 
278 03.1 
280 33.1 
283 03.1 


285 33.1 N22 06.9/355 07.9 


288 03.1 
290 33.1 
293 03.0 
295 33.0 
298 030 


300 330 N22 07.2 


303 03.0 
20}}305 33.0 
301/308 02.9 
4011310 329 
50|[313 02.9 


j]315 32,9 N22 07.5 


328 028 


330 32.8 N22 07.9 


343 027 


345 32.7 N22 te ‘ 


348 02.7 
350 32.7 
353 02.7 
355 326 
358 026 

14 599 


279 555 
262 260/164 30 268 22 
167 00 268 52 


284 56.4 
287 26.8'16930- - (273 22- 
273 53 


276 23 


289 57 21172 00 

292 27.6(174 30 

294 58.0/177 00 N23 32}278 2 N 
297 28.41179 30 281 


05.2 
05.3 
05.4 
05.4 
05.5 


056 
05.6 
05.7 
05.7 
05.8 


299 $8 8/182 ud 283 3a 
302 29.2/184 30 + 286 24 « 
394 59.7/ 187 vo 288 55 
307 301)189 30 292 25 


310 00,.5]192 90 N23 31}293 55.N 
312 30.9)294 30 296 
315 01.3}197 00 

317 317/199 30 - 
320 02.2}202 09 303 57 
322 32.5|204 29 306 27 


325 02,9} 206 59 N23 31/308 57 N 
327 33.3|209 29 11:28 
330 03.3 

332 34.2 

335 04.6 

337 35.0;219 29 321 29 


340 05.4}222 59 N23 30/323 SON 
342 35.8/224 29 326 30 

345 062 
347 366 
350 07.0 
352 37.5 


05.9 
06.0 
06.0 
06.1 
06.2 


26 
298 56 
301 26 - 


06.2 
06.3 
* 06.4 
06.4 
06.5 


06.6 
06.6 
96.7 
06.7 
06.8 


226 59 

229 29 - 
231 59 334 01 
234 29 336 31 


236 59 N23 29)339 01 N 
239 29 341 32 
74241 59 
244 29 - 
246 59 349 03 
249 28 351 33 


251 58 N23 29/354 04N 
254 23 356 34 
256 58 

259 28 - 

261 58 

264 28 


266 58 N23 28 
269 28 { 
27% 58 | 
274 28 - 

276 $8 

279 28 


281 58 N23 28 
284 28 

286 58 

289 28 - 

291 57 

294 27 


ed 57 N23 27 
99 27 


329 00 
331 30 - 


06.9 a ic 3 
07.0 
07.0 
07.1 
07.1 


344 02 
2 31 346 32 - 
5 09.5 


7 399 


10 103 
12 40.7 
1§111 
17 416 
20 120 
22 424 


25 128 
27 43.2 
30 13. 
32 440 
35 14.4 
37 448 


40 153 
42 45.7 
45 161 
47 465 
50 16.9 
52 47.3 


55 17.7 
57 48.1/2 
60 18.51/30) 57 
62 49.0/304 27 « 
65 19.4306 57 
67 49.8)309 27 

14597 S0 005 


07.2 
07.3 
07.4 
07.4 
97.5 


906N 
11 36 
14 06 


07.6 
07.6 
07,7 
07,7 
07,8 


08.1 


5141 


18 020 NO 002 


298 23S 212 
306 49 1 
303 14 
30540 - 
308 06 
310 32 


312 58S . 42 
315 23 200 
31749 «158 
32015 + 56 
322 41 55 
325 07 53 


327 335 151 
329 58 49 
332 24 47 
334 50 46 
337 16 44 
339 42 42 


342 07S 140 
344 33 38 
346 59 37 
349 25 35 
351 51 33 
354 16 31 


356 42S 130 
359 08 28 
1 34 26 
400 24 


625 22 
851 21 


11178 119 
13 43 v7 
15 
13 


12 
10 


25 525 108 
28 18 
30 44 
33 09 
35 35 
3801 059 


40 275 057 


173 55 
176 26 
178 56: 
181 26 
183 57 


186 27 N22 15 
188 57 

191 26 

193 58 - 


196 28 
198 59 


201 29 N22 15 
203 59 

206 30 

209 00 - 

211 32 

224 01 

226 31 N22 15 
219 02 

221 32 

224 02 - 


226 33 
229 03 


231 33 N22 15 
234 04 


09 
07 
95 


246 36 N22 15 
249 06 
251 36 
25407- + . 


256 37 
259 G7 


261 38 N22 15 
264 08 


266 38 
269 09 - 
271 39 
274 10 


276 40 N22 15 


5502S 0 47 
57 28 45 
$9 53 43 
62 19 41 
64 45 39 
67 11 


69 37S 0 36 
72 03 34 
74 28 
76 54 
79 20 
81 46 


15.022 0000 | 143490108 


aA m 

72} 00 36) -07 
70; 00 33} -04 
-01 

501 


03 
62100 24 


60/00 22 
58/00 21 
56) 00 19 
54/00 16 
$2} 00 17 


1/50/00 16 


45100 14 
40/00 13 
35/00 11 


= [30/00 10 


20! 00 07 
10/00 05 
0500 04 
10]}00 02 
20) 00 00 


30} 24 50 
35] 24 50 
40| 24 52 
45} 24 53 
50) 24 54 


52124 55 
54) 24 56 


38] 54 


Sun SD 15:8 
Moon SD 15° 
Age 22d 


































































































































































































APPENDIX G: EXTRACTS FROM AIR ALMANAC 


(DAY 153) GREENWICH P. M. 1975 JUNE 2 (MONDAY) 


GHA Dec. | GHA T GHA Ou. wt 


om ¢ . ’ ° e eo oe oF , ee Cd e 4 
31200) 0 32.6 N22 08.5] 70 20.2|321 57 N23 27] 5412 5 36/321 46 N22 14] 8412S 025 
10| 3 02.6 08.6] 72 50.6)314 27 56 42 32417 86 37 23 
20), 5 32.6 08.6) 75 21.0/316 57 59 12 326 47 89 03 21 
30}} 8026 + 08.7] 7751.4)319 27+ + | 6143+ + 732917- + | 9129 - 20 6 
401; 10 325 08.7} 80 21.8)/321 57 64 13 331 48 93 55 18 
50]| 13 02.5 O& | 82 52.21/324 27 66 43 334 18 96 22 1s é 


13 00} 15 32.5 N22 08.8] 85 22.6|326 57 N23 26) 69 14.N 5 36/336 49. N22 14) 98 475 014 
10]} 18 02.5 %8.9| 87 53.1}329 27 71 44 339 19 201 12 12 
20 325 08.9] 90 23.5/331 57 74 14 
23025 + 090] 92 53.9/33427- + | 7645- 
25 324 09.14 95 24.3|336 56 79 15 
28 02.4 09.2) 97 4.71339 26 81 45 


30 32.4 N22 09.2)100 25.11341 56 N23 26] 84 16N 5 36/351 52 N22 14/113 21S 0 03 
09.2/102 55.5/344 26 86 46 354 21 115 47S 0 02 
09.3/105 25.9/346 56 35$ $1 11813 000 
09.3/107 56.3/349 26- + + + [359 22+ + (120 39N 002 
09.4/110 26.8/351 56 152 123 05 04 
43 02.3 09.4)112 57.21354 26 422 125 30 06 


45 32.3 N22 09.5/115 27.6/356 56 N23 25] 9918N 537] 653 N22 14/127 56N 0 07 
48 02.3 09.5}137 58.0) 359 26 101 48 9 23 130 22 09 
50 323 09.6/120 28.4) 156 104 18 132 48 
53023 + 09.7/122588) 426+ - 110649: - + + 1135 14 
55 323 09.7)125 292] 656 10919 137 39 
58 02.2 098}127 59.6) 9 26 111 49 140 05 


60 32.2 N22 09.8/130 30.0; 11 56 N23 25}114 20 N 5 37 142 31N 0 18 
63 02.2 09.9}133 005] 14 26 116 50 23 144 57 20 
65 32.2 09.9/135 30.9 113 2¢ 147 23 22 
68 022 + 10.0/138 013 . 12151- - * + 414949 + 24 
70 32% 100,340 31.7 124 21 152 14 25 
73 02.2 20.1/143 02.2 126 51 154 40 27154 


75 32.1 N22 10.21145 32.5 129 22.N 5 37 157 06N 0 29 
78 02.1 39.2/248 02.9} 29 25 131 52 39 159 32 31 
80 321 10 3|150 33.3 134 22 161 58 33 
83022 + 10.3)153 03.7 13653+ - * 116423 - 34 
85 32.2 10.4/155 34.1 139 23 166 49 36 
88 02.0 10.4/158 04.6 141 53 169 15 38 


90 32.0 N22 10.5/160 350 144 24.N 5 37 171 41 N 0 40 
93 02.0 1051163 054 146 54 54 174 07 42 
95 32.0 10.56}165 35.8 149 24 176 32 43 
+ 10.6(168 06.2 15155- - 17858 - 45 
10.71170 36.6 154 25 181 24 47 

10.7|173 07.0 156 55 183 50 49 


175 37.4] 56 55 N23 23/159 26 & 5 37 186 16N 0 51 
10.9/178 07.8} 59 25 161 56 188 42 52 
10.9/180 38.3) 61 55 164 26 191 07 54 
110/183 08.7/ 6425- + |16657- - + + 119333 + 56 
11.0]185 39.1] 66 55 169 27 19559 058 
11.1]188 09.5} 69 24 171 57 19825 100 


190 39.9] 71 54.N23 22)174 28N 5 37 200 51 N 102 
11.21193 10.3| 74 24 176 58 84 34 203 16 03 
11.2]195 40.7 179 23 205 42 
113 . . 18159- + + [208 08 
11.3 184 29 210 34 
11sé 186 59 213 00 


189 30N 5 38| 97 06 N22 14]215 25.N 2.12 
192 00 99 36 2175114 
194 31 102 07 220176 
19701- - |10637- + 122243 + 18 
: 199 31 107 07 22509 19 
al? : 202 02 109 38 22734 21) 46 


150 31.6 N22 11.8 ‘ 204 32.N S 38/112 08 N22 14/230 OO N 1 23 
153 01.6 11.8 21104 207 02 114 38 232 26 25 
155 31.6 119 x 209 33 117 09 234 52 
158016 - 119 ; * 21203+ + 1{11939+ + [23718 
160 316 12.0 . 214 33 122 09 239 43 
163 01:5 12.0 \ 217 04 124 40 242 09 


165 31.5 N22 12.1 126 53 N23 21|219 34N 5 38/127 10 N22 14]246 35.N 1 34 

168015 122 119 23 222 04 129 40 2470135 
121 53 224 35 132 11 2492737 
12422- - |22705- - |33441- - [25153 - 39 ; 
126 53 229 35 137 12 25418  43| 5¥0 SO 15-6 
129 23 232 06 139 42 256 44 43| Moon SD 15 


14 59.7 5u 206 | 15020 NO 002 | 15022 0000 | 1434.9.N0 108 Age 22d 






















































































































































































+ yt 

































































No.|_ Name 
1* | Alpherats 
2 | Anksa 
3* | Schedar 
4* | Diphda 
&* | Achernar 
6* | Hamal 
7* | Acomar 
8* | Menkar 
9* | Mirfak 
10* | Aldedbaran 
11* | Rigel 
12* | Capella 
13 | Bellatriz 
14 | Elnath 
15 | Alnilam 
16* | Betelgeuse 
17* | Canopus 


19 | Adhara 
20* | Procyon 
21* | Pollux 
22 | Avior 
23* | Suhail 
24* | Micplacidus 
25* | Alyphard 
26* | Regulus 
27* | Dubhe 
28* | Denebola 
29* | Gienah 
30* | Acruz 
31 | Gacruz 
32% | Alioth 
33* | Spica 
34* | Alkatd 
35 | Hadar 
36 | Menken! 
37* | Arcturua 


40* | Kochab 
41* | Alpheeca 
42* | Antares 
43 pace 

44 | Sabik 
45* | Shaula 
46* | Rasalhague 
47 | Eltanin 


49* | Vega 
50* | Nunki 
31* | Altair 
52* | Peacock 
53* | Dened 
54* | Enif 

85 | Al Na'ir 
56* } Fomalthaut 


= 1150 
FE ¥F4 INTERPOLATION OF 
g MOONRISE, MOONSET 
¢ FOR LONGITUDE 
= Add if longitude west 
= Subtreet if longitude east 
2 Longl- Dift.* 
i tude | 05 {| 10 15 { 20 | 25 
$ m m mn m m 
0 | oo -| co | oo | oo | oO 
20 | O1 {| OL | 02 | o2 | 03 
ao { of | 02 | 03 | o¢ | 06 
eo | o2 | 03 | 05 | o7 | 08 
so | o2 | o4 | 07 | o9 | 
100 | 03 | 06 | 08 | 13 | 14 
220) 03 } 07 } 10 | 13 | 17 
Mo | C4 |] 08 | 12 | 16 | 19 
160 | 04 | O89 | 13 | 18 | 22 
1so0 | 05 | 10 | 15 | 20 | 25 
Longi|_ I 18 * | Sirius 
tude} 35 | 40 | 45 | 50 | 55 | 60 
© m a m m 3 m 
o { oo | oo | oo | 00 | 00 | 00 
1s | 03 | 03 } 04 | O& | 05 | 05 
30 | 06 ; 07 | 08 | 08 | o9 | 10 
as | o9 | 10 |] a1 | 12 | 14 | 15 
eo | 12 | 13 | 15 | 17 | 18 | 20 
7 | 15; 17 | 19 | 21 | 23 | 25 
go | 18 | 20 | 22 | 25 | 28 | 30 
105 | 20 | 23 | 26 | 29 | 32 | 35 
1z0 | 23 | 27 {| 30 | 33 | 37 | 40 
135 | 26 | 30 | 34 | 38 | 41 | 45 
150 | 20 | 33 | 38 | 42 | 46 | 50 
165 | 32 | 37 | 41 | 46 | 50 j 55 
1so0 | 35 | 40 | 45 | 50 | 55 | 60 
Longi-|_ Diff.* 
tude! 65 | 70 | 75 | 80 | 85 | 90 
9 m m m m m m 
o |] oo | 00 | 00 | 0 | 00 | 00 
10 | 04 | 04 | Of | O4 | 05 | 05 
20 | 07 | 08 | 08 | 09 | 09 | 10 
so {| az | 12 | 12 | 13 | 4 | 15 
so} 14 | 16 | 17 | 18 | 19 | 20 
s0 } 318 | 19 | 21 | 22 | 24 | 25 
eo | 22 | 23 | 25 { 27 | 28 { 30 
7 | 25 | 27 | 29 | 31 | 33 | 35 
so ; 29 | 31 | 33 | 36 | 38 | 40 
9 | 32 | 35 | 38 | 40 { 42 | 45 
too | 36 | 39 | 42 | 44 | 47 | 50 
110 | 40 | 43 | 46 | 49 | 52 | 55 
120 | 43 | 7 | 50 | 53 | 57 | 60 
13e | 47 | 51 [| 54 | 58 | 6 | 68 
mo | si | 54 | 58 ' 62 | 66 | 70 
iso | 54 | 58 | 62 | 67 | 71 | 75 
16eo | 58 | 62 | ey | 71 {| 76 | 80 
170 | 6: | 66 | 71 | 76 | 80 | 85 
iso } 65 | 70 | 75 } 80 | 85 | 90 





*When negative subtract correction if longitude 


west, and add if east. 





57 | Markab 





48 | Kaus Austealis 


~ 


a te nate me ~~ — ee 


—— ~~ 


t 


38* | Rigi! Kentaurus 
39 | Zubenelgenubi t 


t 
t 


t 
t 


t 


t 
t 


APPENDIX G: EXTRACTS FROM AIR ALMANAC 


STAR INDEX, MAY—AUG., 1975 





Mag. |S.H.A.| Deo. 
2.2 | 35813] N. 28 57 
2-4 | 35344] S, 42 26 
2.5 | 35013] N. 56 24 
2.2 |34924| S, 18 07 
0-6 | 335 48] 8. 57 21 
2.2 | 32833] N. 23 21 
3-1 | 31540] 8,40 24 
28 |31445|N. 400 
1.9 | 309 21 | N, 49 46 
1-1 | 291 22] N. 16 28 
0-3 | 28140| S. 814 
0-2 | 281 17| NW. 45 58 
1.7 |27903|N. 620 
1.8 | 278 49 | N. 28 35 
1.8 |27616| S, 113 

O-1-1-2] 271 32| N. 7 24 

~0.9 | 28409] S. 5241 

~1.6 | 25859] 8, 16 41 
1.6 | 25535) S. 28 56 





0-5 | 24530|N. 517 
1.2 | 24403} N. 28 05 


17 
2.2 
18 
2.2 
13 
2.0 
2.2 
2-8 
1-1 
1.6 
1-7 
1-2 
1-9 
0-9 
23 
0-2 
0-1 
2.9 
2.2 
2.3 
1.2 
19 
2.6 
1-7 
2.1 
2.4 
2.0 
0.1 
21 
0.9 
2-1 
13 
2.5 
2.2 
13 





234 30} 8. 59 26 
223 14} 8, 43 20 
221 46 | 8. 69 37 
218 24] S. 833 
208 14] N. 12 05 
194 27 | N. 61 53 
183 03 | N, 14 43 
176 22 | 8. 17 25 
173 41 [ S. 62 58 
172 33 | 8. 56 59 
166 46 | N. 56 06 
159 OL} S. 11 02 
153 21 | N. 49 26 
149 28} S. 60 16 
148 41} 8.36 15 
146 22 | N. 19 19 
14030] S.60 44 
137 37 | S. 15 57 
137 18 | N, 74 16 
126 35 | N. 26 48 
113 01 | 8. 26 23 
108 28 | S. 68 59 
102 45 | S. 15 42 
97 00 | S. 37 05 
96 33 | N. 12 35 
90 59 | N. 51 30 
84 21 | S. 34 24 
80 58 | N. 38 46 
76 33 | S. 26 20 
6236) N. § 48 
5403} S. 56 49 
49 51 | N. 45 12 
3415[N. 9 46 
28 19 | 8. 47 05 
15 55 | S. 29 45 


2:6 14 07 | N. 15 04 


*Stars used in H.O. 249 (A.P. 3270) Vol. 1. 
{Stars that may be used with Vols. 2 and 3. 
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E APPENDIX G: EXTRACTS FROM AIR ALMANAC 1151 
2 SUNRISE 
= 7 
3 ee Dec. | January February ioe 
3 | 30; 2 5 8 I 14) OIF sos HHKT—s—sQ jt 4 7 to 
: ope m bh mp & we Ym lm lk le ltl elke lle lle kl lle lk lhl ke 
N72, = ~~ su llcralUlUhlUlUl me 1204 1103 1033 1009 0948 09 28 
70, = -= = - = mm 81205 1511 1046 10275 1006 09 49 09 33 0917 OQ Oz 
68 | aw we «134 1113 1056 1041 1027 1913 0959 09 46 09 33 0920 0908 08 55 08 42 68 


i 66 | 1031 1027 1021 1014 1006 09 58 09 49 09 39 29 0919 0909 08 sg 08 48 37 26 66 
7 64 | 09 51 09.49 09.45 0941 9935 29 22 0915 0907 0859 08 50 4232 2G 
62 24 22 20 0916 0912 0907 0902 08 56 08 49 43 35 27 19 11 08 03 

N60 | 09 03 09 02 0900 08 58 08 54 08 50 08 46 08 4o 08 35 08 29 08 22 08 25 0808 o8o1 07 531] N60 

$8 108 46 08 45 0844 42 39 «9360 «603227, 227s 08 OF 0759 0752 45) $8 

6 32 3t 30 28 26 23 20 16 12 08 07 0802 07 56 50 44 38 56 

| 19 19 18 17 15 12 09 0806 08 02 0758 07 53 48 43 37 32 54 

52 | 08 08 08 08 of oF 08 06 08 05 08 02 08 00 07 57 OF 54 50 46 4t 30 31 26 52 





N50 | 07 58 07 58 07 $8 0757 0756 07 54 07 52 07 49 07 46 07 42 07 39 0735 07 30 0725 0721] N50 
45 3838383887) G6 84 B® 0—— 2H 17-13-0945 
40 





22 2z 22 22 22 2 20 18 16 14 12 07 09 0706 0703 0700 40 
35 {97 07 0703 0708 07 08 0708 0708 0707 07 06 0705 0703 0701 0659 0657 0655 06 52 35 
30 | 06 55 06 56 06 57 0657 0657 0657 v6 56 0656 0655 0654 0652 51 49 47 45] 30 

N20 | 66 34 06 35 06 36 06 37 0637 06 38 06 38 06 38 06 38 06 37 06 37 06 36 06 35 0633 06 32} N20 

Nro | 06 16 17 18 19 20 21 22 22 22 23 23 23 22 22 atl Niro 


a 
Mf Jus on 


row 





a 
3. 
ENA NARINTES ANN NNN LNRM ENR RN NY eR it 






© | 05 59 0600 0602 0603 0604 0605 0606 0607 0608 0609 0610 0610 0610 O6 18 ei ° a a 
Sol 41 05 43 95 44 05 46 05 48 05 49 0551 05 52 05 54 9555 05 56 9557 95 58 0559 0600] S so a = 
20 | 230-20 26 2830 32 8H 8G 3B OZ 4H 4547 95.49] 20 a 3 
Pelee as 5 03 0505 0$ 07 OF 10 OF f2 0515 0517 05 20 05 23 05 24 0§ 28 05 31 05 33 05 36! S 30 a 
104 ‘ 04 $0 O04 52 04 55 04 57 05 00 05 03 0506 05 09 13 16 19 22 25 28 35 = 
al 35 38 41 44 04 47 04 50 04 54 0457 0501 0504 05 08 1s 16 19 40 
45 | 04 3 0418 0421 «24 27031 $539 43 4-47 04 51 94 56 0500 0505 0509) 45 
§0 | 03 53 03 56 03 $9 0403 0407 rn 1§ 20 25 30 35 40 04 46 04 51 04 56 50 
S §2 | 03 42 03 45 02 49 03 52 0357 04 01 04 U6 04 11 04 37 04 22 05 28 04 33 04 39 94 45 O4 50 S 52 





54} 30 33 37 41 46 03. 51 0356 O¢or 0407 13019 25 31 38g |G 
56 103 16 39 23 28 33 i 44 03 = 03 2 04 03 O04 10 16 23 30 37: 56 
58 } 02 $9 03 03 03 08 0313 03 18 31 4 03 52 03 59 04 06 14 21 29 s3 
a) [oz 39 02 44 02 49 02 54 03 00 So aeee ee ess 03 38 03 46 03 54 04 03 0411 0419'S 60 


SUNSET 


“idly ade foun dh Si Ob wu ty Be eo et 8 





ee ee | . 
= = mo ww 1225 1324 1355 1420 1442 15021 N72 
-—_— om mm 2 2T IZ TT 1339 1404 1421 1459 1456 15 12 2 7o 
= am «12 36 13:00 13 20 13 37 13.54 1409 1425 1439 1454 1508 15 21 35 15 48 68 
23 33 13.41 1349 1359 1409 14 20 1432 1443 1455 1806 1518 29 41 15 $2 1603] 66 
1423 1419 1425 1432 1440 14.49 1458 1507 1517 27 36 15 46 1556 1506 16 64 
1440 1445 1450 1457 1503 1510 1518 26 35 43 1552 1600 1609 18 27 62 
1502 1506 1510 1516 15 22 15 28 1535 1542 1549 1557 1605 1612 1620 1628 1636] N60 

19 222703237 43: 15-49 1555 1602 1609 15 23 30 37 44] 58 

33 37 4 45 1550 1555 1601 1606 12 19 25 32 38 45 st 56 

46 1549 15 53 1557 1601 1606 1 16 22 28 34 49 46 52 1658 Sa 
15 57 1600 1603 1607 ir 16 20 25 30 36 41 47 52 1658 1703 52 


Bhs 1609 1613 1626 1620 1624 1629 16 33 1638 1643 1648 1653 1658 1703 1709] N5o 
:| 27 29 32 35 39 42 1646 1650 1654 1658 1703 1707 17132 16 20 45 


it ont AAae PL ead 








hale 
z 
$ 











40 44 3646 1648 1651 1654 1657 1701 1704 1708 1711 15 18 22 25 29 4° 

35 |16$7 1700 1702 1704 1707 3710 13 16 19 22 35 28 31 34 37 35 

golrzio 12 tH 6160 Qt Gg 26 2H 37 89 ZT 300 

N20 [1731 17 32 1734 1736 1738 1740 17.42 17.44 1746 17 48 1750 1752 1753 1755 1757] N20 

Nro 117 49 1750 1752 1754 1755 1757 1758 1800 1801 1802 1804 1805 1806 1807 1807] Nro 

011806 1807 1809 1810 rrr 18312 18 14 14 1s 16 17 17 7 18 18 ° 

Sro| 24 25 26 27 28 2 29 2 30 30 30 yo 29 29 3281S 10 

. 20 | 18 42 18 43 18 44 18 45 18 45 1846 1846 18 46 18 45 18 45 18 44 43 42 4r 39 20 
< S$ 30] 1904 1905 1905 «906 1906 1905 1905 1904 1903 1902 1900 1859 1857 1855 18521 S 30 
35 17 7 18 18 18 7 r€ 15 14 12 10 1908 1905 1903 t9 00 35 

40 32 32 32 32 3t 30 29 28 26 24 2 18 ir 12 09 4° 

45 }1949 1950 1949 1949 19 48 1946 1945 19 42 4° 37 34 3t 27 23 19 45 

50 | 2012 2012 2011 210 2008 2006 2004 2001 19 58 19 54 50 46 41 36 31 50 


aes 20 22 2021 2020 2018 2016 2013 2009 2006 2002 1957 1953 1948 19 42 1937] S 52 











2 Lathe 











54 34 34 33 31 29 26 23 19 15 Ir 2006 2001 1955 49 43 S4 
7 §6 | 20 48 2048 20 46 44 41 38 35 30 26 21 1s 09 2003 19 57 go 56 
§8 | 2105 2104 2102 2059 2056 2052 2048 43 38 32 26 19 13 2006 19 58 58 

S 60 





2125 2123 2822 2118 21 14 2109 2104 2058 2052 2045 2038 2031 2023 2015 2097'S $0 




























































































































































































APPENDIX G: EXTRACTS FROM AIR ALMANAC 
MORNING CIVIL TWILIGHT 


January 


27. 20 23 2 29 


Be & mw bh 
10 49 1041 10 32 
09 52 09 49 99 44 
09 19 09 16 09 13 
08 54 08 53 08 50 

32 
17 
08 04 
97 53 
44 
35 
27 
07 20 
07 05 
06 52 
4° 
30 
06 12 
05 55 
39 
22 
05 02 


04 38 
23 
04 05 
03 44 
15 


apoma~an 
1021 1010 


09 38 09 30 
09 08 09 03 
08 47 08 42 
29 26 
15 12 
08 02 08 00 
07 51 07 49 
a2 4t 
3432 
26 25 


07 39 07:38 
07 04 07 04 
06 52 06 52 
41 41 
31 3 
0613 06.14 
05 56 05 57 
400 42 
23 25 
05 04 05 06 
04 40 04 43 
26 28 
04 08 04 12 
03 47 03 51 
19 24 
03 05 03 10 
02 49 02 55 
29 36 
02 04 02 12 


09 33 09 2 09 03 08 53 o8 gt 08 28 o8 14 o8 or 
09 04 08 54 08 44 33 22 08 11 08 00 07 48 
0842 34 2617 08 07-0758 0748 = 37 
25 18 08 11 08 03 07 55 46-38 28 
08 1: 08 of 07 59 07 §2 45 37 29 23 
07590754 «48 «64236 290 2G 
07 49 07 44 07 39 07 34 0728 07 22 0715 07 08 
4° 36 31 26 21 15 og 07 03 
32 29 «24 zo 15 10 = og 06 58 
25 2z 18 %4 oO 05 07 OO 54 
18 15 12 08 04 0700 0655 5° 
07 33 07 310 0707 0703 0700 06 56 06 51 06 47 
07 00 06 58 0655 0652 0649 46 43 39 
049 470 45° 430 4k 383532 
39 «38 «= 3635) 330 ts 2826 
jo 29 28 27 26 24 22 20 
06 14 0614 0614 0613 0613 0612 0611 0610 
0600 0606 0601 0601 0601 0600 0600 0600 
05 45 0546 05 47 0548 05 48 05 49 95 49 95 49 
go 0 3X 33H S36 98 398 
05 12 05 14 0516 05 18 20 22 24 26 
04 53 04 54 04 56 04 59 05 02 0505 05 05 05 10 
384144 48 (04 51 04 54 04 58 05 OF 
22 26 30 34 38 42 46 04 $0 
04 04 04 08 04 73 04 18 22 27 32 37 
03 39 93 45 0351 03 56 04 02 04 08 24 20 
03 27 93 34 03 40 03 46 03 53 03 59 04 06 04 12 
0324 20 27 34 42 49 03 56 04 03 
02 $7 03 0§ 0313 2 2900-37) 45-93: 53 
7 02 46 02 6 03 05 03 14 23 32 41 


SASaS SLBA FPASIV. 
™ 


= 
BRBaS CLASS SFASTY. 


97 $3 
44 
35 
28 
ar 
07 15 
07 oO: 
06 50 
4° 
31 
06 14 
05 59 


44 
28 


05 10 


04 48 
35 
04 19 
93 59 
34 
03 21 
03 07 
02 50 
28 


23 
07 17 
07 03 
06 53 
40 
31 
06 14 
05 58 
43 
27 
05 08 
04 45 
3 
04:15 
03 55 
29 
03 16 
03 01 
02 43 
02 20 


4 
= 


N20 |} 0610 0611 
N10 105 53 05 54 
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APPENDIX G: EXTRACTS FROM AIR ALMANAC 1155 
RISING, SETTING AND DEPRESSION GRAPHS 


TABLE 1—MERIDIAN PASSAGE AND TABLES 2 and 3—DEPRESSION OF 
DECLINATION OF THE SUN AT 12° G.M.T. HE SUN AT VARIOUS HEIGHTS 
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An alternative method to those given on pages Al2-A14 is to use the graphs to give the correc- 
tions to the tabulated times of sunrise and sunset at ground level; in this case it is adequate to 
use the graphs for the nearest tabular latitude and declination. The difference in hour angle is 
found between the hour angle for zero depression and the hour angle at the tabular depression 
minus 0°-8. The difference in hour angle so found is then applied to the time of sunrise or sunset. 
The result will be less than 5° in error if the declination curve cuts all the depression lines. 
Example. To find the times of sunrise and sunset on 1975 August 23 in Ir tude N. 65° 17’, 
longitude W. 35° 15’, at a height of 37 000 fect. From Table 1, Dec.= > 11°-6; Table 2, 
Depression diff. from 0°-8=3°-7. 














Sunrise Sunset 

ho wm h om 

Page A68, N. 65° 17’ (August 24) 04 10 19 53 
Page A71, Lat. 66°, Dec 11° (same); diff in 

H.A. from depression 0° to 3°-7 45 45 

L.M.T. 03 25 20 38 

Longitude W. 35° 15’ 2 21 2 21 

G.M.T. 05 46 22 59 
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SEMIDURATION OF MOONLIGHT 
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1158 APPENDIX G: HXTRACTS FROM AI ALMANAC 
CONVERSION OF ARC TO TIME 
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‘The above tabic is for converting expressions in src to their equivalent in time; its main use in this Almanac is 
for the conversion of longitude for application to 1..M.T. (added If vest, subtracted if east) to give G.M..,, or vice versa, 
particularly in the case of sunrise, sunset, etc, 
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APPENDIX G: EXTRACTS FROM A/R ALMANAC 


POLARIS (POLE STAR) TABLE, 1975 
FOR DETERMINING THE LATITUDE FROM A SEXTANT ALTITUDE 





116) 





LHAT Q LHA.T LH.AT 


e t ; e ’ ‘ s ’ ¢ 
359 08 80 32 113 11 

114 743] 8200 ~ 33/114 20 - 2 

329 44) a3 27 — 3h] 115 28 ~ F 

856 —1| 8482 ~ 35/116 36 5 

$32 —0)| seis So lii7 ae SF 
1130 747) 87 38 2p | 118 81 — 3 
1488 ~ 48] 98 58 2) | 119 89 — f 
19 18 £5 | 90 18 27/121 07 — 4 
25 6 50] o1 se oe (i228 9 
38.17 ~ 55) 92 54 3, | 128 23 7 
45.00 —5)| 94 10 38 | 124 30 7 3 
40.17 45 | 95 26 25/125 39 7 3 
sz as 48) 96 a1 75] 126 a7 TF 
ss 41 —47| 97 85 95/127 58 +S 
$8.19 —4°| 99.08 ~ {>| 12903 + 9 
60 44 — 45} 100 21 —}3] 13011 fF 
62 59 —4*/ 101 38 ~ 17} 131 20 T & 
65 05 — 43 | 102 45 — 17/132 29 fp 
67 05 — 47/103 56 — 18/133 38 11° 
68 89 — 4) | 105 07 — 15/134 47 11) 
70 48 — $0 | 106 17 — 14/135 57 713 
72 88 — 22/107 27 13 | 137 o7 11 
14 14 — 33] 108 86 — {7 | 138 18 T46 
75 83 37 | 109 46 — 10/139 29 7 1 
77 28 — 30/110 84 — | 140 40 7 1D 
79 01 —9o| 112 03 — 9] 141 82 T14 
80 32 113 11 143 05 


L.H.A.T 


143 08 
144 18 
145 32 
146 46 
148 01 
149 18 
150 35 
181 53 
183 12 
154 32 
155 53 
157 16 
158 40 
160 06 
161 34 
163 03 
164 35 
166 09 
167 45 
169 24 
171 07 
172 53 
174 44 
176 39 
178 40 
180 48 
183 04 


+19 
+20 
+21 
+22 
+23 
+24 
+25 
+26 
+27 
+28 
+29 
+30 
+31 
+32 
+33 
+34 
+35 
+36 
+37 
+38 
+39 
+40 
+41 
+42 
+43 
+44 


262 39 
264 07 


+45 
+46 
+47 
+48 
+49 
+50 
+651 
+50 
+49 
+48 
+47 
+46 
+45 
+44 
+43 
+42 
+41 
+40 
+39 
+38 
+37 
+36 
+35 
+34 
+33 
+32 


L.H.A.T 


e # 
264 07 
265 33 
266 57 
268 20 
269 41 
271 01 
272 20 
273 38 
274 55 
276 12 
277 27 
278 41 
279 55 
281 08 
282 21 
283 33 
284 44 
285 55 
287 06 
288) 16 
289 26 
290 35 
291 44 
292 53 
294 02 
295 10 
296 18 


+31 
+30 
+29 
+28 
+27 
+26 
+25 
+24 
+23 
+22 
+21 
+20 
+19 
+18 
+17 
+16 
+15 
+14 
+13 
+12 


LHAT 

J. 
2618 , - 
297 26 . A 
298 a Tf 
299 43 7 5 
300 50 |} 
301 58 * f 
303 06 | 
304 14 } 
305 22 — ° 
306 29 3 
307 37 — ¢ 
308 45 > 
309 53 ~ 0 
31102 — 7 
312 10 — 8 
313 19? 
314.27} 
315 37 1) 
316 46 —)° 
317 56 1° 
319 06 5 
320.17 13 
$21 28 1 
322 40 1) 
323 52 _ 10 
325 05 _ 5) 
326 18 


L.A? 

e é 
82618 , 
$27 32 9) 
828 47 5, 
330 03 5! 
381 19 5. 
382 87 "5, 
333 55 0, 
$35 15 "3, 
336 35 5, 
387 58 3 
339 21 73 
$40 46 9 
$42 13 3 
343 41 7 5 
345 12 3 
346 45 3 
348 20 — 5. 
349 59 
351 40 3 
353 25 10 
355 14 4, 
357 08 — 45 
359 08 

— 43 

114 7 4y 

329 4 

—45 
5 54 46 
8 32 


Q, which does not include reeouct ‘ to be applied to the corrected so altitude of Polaris. 
ag. 2-1, S.H.A. 327° 53’, Dec. N. 89° 


Polaris: M 





STANDARD DOME 
REFRACTION 


To be subtracted from sextant altitude 
when using sextant suspension in a 
perspex dome 


Alt. Refn. Alt. Refn. 
10 8 50 4 


20 7 60 4 
30 6 70 3 
40 5 80 3 


This table must not be used if a cali- 
bration table is fitted to the dome, or if 
a flat glass plate is provided, ‘or for 
non-standard domes. 





BUBBLE SEXTANT ERROR 
Sextant Number Alt. Corr. 


AZIMUTH OF POLARIS 
Latitude 


L.H.A. T 
300°— 
120° 0° «30° 
300 08 1.0 
310 0-8 1-0 
320 08 0-9 
330 0-7 0-8 
340 06 0-7 
350 0-5 0-6 
0 0-4 0-5 
10 0-3 0.3 
20 0-1 0-1 
30 0-0 0.0 
40 359-9 359-9 
50 359-7 359-7 
60 359-6 359-5 
70 359-5 359-4 
80 359-4 359-3 
90 359-3 359.2 
100 359-2 359-1 
110 359-2 359-0 
120 359-2 359-0 


50° 


55° 


0-8 0-9 
0-6 0.7 
0-4 0-5 
0-2 0.2 
0-0 0-1 


359-8 359-8 359-8 
359-6 359-5 359-5 
359-4 359-3 359-2 
359-2 359-1 359-0 
359-0 358-9 358.7 


358-9 358-8 358-6 
358-8 358-6 358-4 
358-7 358-6 358-3 
358-7 358-5 358-3 


359-7 
359-4 
359-1 
358-8 
358-5 


358-3 
358-1 
358-0 
358-0 


2:5 
2-4 
2:3 
2-1 
1:8 


1-5 
1-2 
0-8 
0:3 
0-1 


359-7 
359-2 
358-8 
358-5 
358-2 


357-9 
357-7 
357-6 
357-5 


L.H.A. T 


120°- 
300° 


300 
290 
280 
270 
260 


250 
240 
230 
220 
210 


200 
190 
180 
170 
160 


150 
140 
130 
120 





When Cassiopeia is left (right), Polaris is west (east). 




















































































































































































































































































































































































































































1162 APPENDIX G: EXTRACTS FROM AIK ALMANAC 


CORRECTIONS TO BE APPLIED TO SEXTANT ALTITUDE 


REFRACTION” : 
To be subtracted from sextant altitude (referred to as observed altitude in A.P; 3270). 














Height above sea level in units of 1,000 ft. 









































‘ 15 as | 30 35 40 -] 45 50s || RRS 
. Sextant Altitude gromr & 
eb ree Secale deere. Sh. Seene er @ # @8 6 or © se 8 | ” Tl 
A a ae , a a | ee ee 
, 9 $9 55 | St 46 4h 1360 34 260 7200 «87 33 poate a Oe Oe 
eS 33 29—~Ct—«O286 22 #19) «16 % XI 9 7 6 4 = ah ese a i 
21 19 16 1%) «612)—~—COY 8 7 5 4 240 140 ° Pec i 
3 16 «14 «12 | 10 8 7 6 5 3%0| 220 130 ogo 3] 3 3 -4> i 
42 ou 9 8 7 5 400 310 210] 130 039 +005 4] 4 4 4 : r 
: 10 9 7 550 459 350| 310 220 130] O49 +0rr -0I9 2 : : : y- 
7 810 650 550! 459 400 300) 220 150 310) 024 ~Orr ~0 38 ale 4 8 8 
8 650 559 500) 400 310 230} 150 120 038]+004 -028 -054 sl-7 8°96 pe 
9 600 510 410! 320 240 200] £30 100 019|~-013 ~042 —108 9 8 9. 10 6 ; 
i ro. 520 439 349] 250 270 I4ol Ilo 035 +003 —027 -053 —3 18 ¥d|-9 10 12 i2 
3 “a 430 340 250] 220 £40 II0] 037 torr ~016|]-043 —108 —131 a ti 5 13 14 
: 5 14. 330 250 210/ 140 130 034]+009 —or4 -037 ~100 123 —1 44 14 13 14 35 7 
= : 16 260 210 140! 110 037 +010]/—-013 ~034 ~053]—-1 14 ~335 ~156 16 14.36 18 19 
4 : yg 229 140 120) 043 +015 -008|-0 31 ~052 —108|—127 =1 46 —205 18136 38 28 22 
i a 150 120 049/+023 -002 ~026|-046 —106 —122|—-139 -157 —214 go] 18 a0.02 34° 
i ag 112 044 +019|-006 -028 ~048|—109 -127 —142/—158 -214 ~230 pila -ag726 30 
i t a6 034 O10 ~013} ~036 —05§ —114]-1 32 —15% —206|—-222 ~234 ~249 gol27 30.33 36 
’ f as +006 -016 -037|-059 —117 -133|—-1 51 ~207 —223| -237 2 51 -30%4 35|3t 35.38 3 
; ; a6 -018 -0 37 -058|—-116 —1 34 -149|—-206 —222 ~235| -249 —-303 —316 40| 36 40 44 48 
: 45 -0$3 ~I14|—13% -147 —203|-218 —2 33 —247|-259 -313 —325 45|4° 45 50 34 
50 —110 —128)-144 -159 -215|-228 —2 43 -256|-308 —3 22 —3 33 5045 0 35 60 
‘ 55 —140|-153 —209 —224|—2 38 ~252 —304|~317 -329 —3 41 55|49 55 60 66 
60 203 ~218 2 33|-2 46 301 —3121~325 ~337 -3 48 60| 54 60 66 72 


1-253 —307 —319|-3 31 —-3 42 ~353 








45 so. 8 55 9 IO IE U2 

f f |-——.__—— 

Temperature in °C When R, is 

28 © +47 +36 «+27[ 418 +10 +3] -5 -13 leas than to’ 





°F 156 416 +6 -4 13 -22| -31 —40 For these heights no 0-9 | or the height 





10 temperature correction 1.0] 1% — Breater 
eT 2 TS TE M85 ~36 -46| -57 -68 ienecessiry take facies ae fuk orc 
tq 726 -25 36] 46 ~58 -71) -83  -95 and use R= R, es aa use 


737 4556 | -67_ -81_ -95] “{ Bek 
t Choose the column appropriate to height, in units of 1,000 ft., and find the range of altitude in which the sextant 
altitude lies; the corresponding value of R, is the refraction, to be subtracted from sextant altitude, unless 


conditions are extreme. In that case find / from the lower table, with critical argument temperature. Use the _ 
table on the right to form the refraction, R=R, xf. 


CORIOLIS (Z) CORRECTION 
To be applied by moving the position line a distance Z to starboard (right) of the track in northern latitudes 
and to port (left) in southern latitudes. The argument is given as T.A.S, (True Air Speed) in A.P. 3270, 


GIS Latitude 1 Gi Latitude 



















5 
KNOTS e* 10°| 20° 30° 40° 50° 60° 70°| Bo° go* KNOTS | o° 10° 20° 3o° 40° 50° 
: . e ’ é e ’ é ? ’ . ’ s e ’ e 
1 so | oO 1] t 2} 3 313 41 4 44 450 | © 4 6) 8 9 
See ee ee ees 500 | © 4 7| 8 10 
250 oO tr] 2 3/ 4 §1| 6 6] 6 7 550 ° § 7{, 911 
300 o rr} 3 4] § 6|/ 7 7] 8 8] 600 ° § 8/10 12 
350 os 2} 3 5] 6 7] 8 9] 9 Of 650 ° 6 9/11 13 
400 © 2] 4 $| 7 8] 9 Io] 10 10] 700 ° 6 9|12 1% 
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APPENDIX G: EXTRACTS FROM AIR ALMANAC 


CORRECTIONS TO BE APPLIED TO MARINE SEXTANT ALTITUDES 


MARINE SEXTANT 
ERROR 


Sextant Number 


Index Error 


Pages 


Inside front cover 
Daily pages 


F1-F2 (flap) 
F3 (flap) 
F4 (flap) 


A1oo-AIo1 

Aro2 

A103 

Aro4 

Inside back cover 


CORRECTIONS CORRECTION FOR DIP OF THE HORIZON 
To be subtracted from sextant altitude 


In addition to sextant j-Ht. . Dip | Ht. Dip | Ht Dip | kik. Dip 
error and dip, corrections = 
are to be applied for:- ae ~Ee * Ft 
Refraction” i14- 1707 
Semi-diameter (for the i 792 
Sun and Moon) x 880 
Parallax (forthe Moon) 1 970 
Dome ‘refraction {if 206: 
applicable) 2 155 
225K 
2349 
2449 
2 55x 
2 655. 
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APPENDIX. 8 
- LONG-TERM ALMANAC 


This appendix is intended for use when a more complete almanac is not available. 

It is based principally upon the fact that approximately correct values for the Greenwich 
hour-angle and declination of the sun, and the Greenwich hour angle of Aries, can be: - 
obtained from an almanac that is exactly four years out of date: The differences in - 

these values at intervals of exactly four years can be largely removed by applying an — 
average-correction to the values obtained from the tables of this appendix. The maxi- ~~ 
mum: error in an altitude computed by means of this appendix should not exceed ~ 
2/0 for the sun or 1/8 for stars. i 

This four-year, or quadrennial, correction varies throughout the year for the GHA : = | 
of the sun (between about plus and minus one-half of a minute) and for the declination | 
of the sun (between about plus and minus three-fourths of a minute). For the GHA | 
of Aries the quadrennial correction is a constant, (+)1/84. The appropriate quadrennial 
correction is applied once for each full four years which has passed since the base year 
of the tabulation (1972 in this appendix). 

The tabulated values for GHA—175° and declination of the sun and GHA of 
Aries are given in four columns, labeled 0, 1, 2, and 3. The “0” column contains the 
data for the leap year in each four-year cycle and the 1, 2, and 3 columns contain data 
for, respectively, the first, second, and third years following each leap year. 

The GHA—175° and declination of the sun are given at intervals of three days 
throughout the four-year cycle, except for the final days of each month, when the 
interval varies between one and four days. Linear interpolation is made between entries 
to obtain date for a given day. Additional corrections to the GHA of the sun of 15° 
per hour, 15’ per minute, and 15” per second are made to obtain the GHA at a given 
time. Declination of the sun is obtained to sufficient accuracy by linear interpolation 
alone. = 
The GHA of Aries is given for oach month of the four-year cycle. Additional | -- 
corrections of 0°59/14 per day, 15°02/5 ner hour, 15’ per minute, and 15” per second | 
are made to obtain the GHA at a given time. 

The SHA and declination of 38 navigational stars are given for the base year, 
1972.0. Annual (not quadrennial) corrections are made to these data to obtain the 
values for a given year and tenth of a year. 

A multiplication table is included as en aid in applying corrections to tabulated 
values. 

Sun tables. 1. Subtract 1972 from the year and divide the difference by four, 
obtaining (2) a whole number, and (6) a remainder. Enter column indicated by re- 
mainder (6) and take out values on either side of given time and date. 

2. Multiply quadrennial correction for each value by whole number (a) obtained in 
step 1 and apply to tabniated values plus 175°. 

8. Divide difference between correcwed values by number of days (usually three) 
between them to determine daily change. 
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: A. Multiply-daily change by number of days and tenths since 0* GMT of. éarlier 
: vabuiated date, and mark correction plus (+) or minus (—) as appropriate. 
; &. (GHA only.) Enter multiplication table with hours, minutes,. and seconds of 
~ GMT, and take out corrections A, B, and C, respectively. These aro all positive. 
6. Apply corrections of steps 4 and 5 to cerrected earlier’ values of step 2. 
Ezample—Find GHA and declination of sun at GMT 17°13749* on July 18, 2002. 
Solution.—Stepe 1 and-2: (2002—1972)-+-4=7;.remainder 2..Use column.2, and 
multiply quadrennial corrections by 7. Corrected values: GHA, July 16, 178°31! 1+ 
(7X0/05)=178°31/5; July 19, 178°27!2+-(70/06)=178°27'6. Dec., duly 16, 
21°27‘/9N—(7 0/41) =21°95/0N ; duly 19, 20°67/5N— (70/44) = 20°S4/4N. 


GHA Declination 
July 16 178°31'5 July 16 21°25/0 N 
July 19 178°27/6 July 19 20°64/4 N 








8-day change (—)3/9 Step 8-day change (—)30‘6 


daily change (—)1/3 daily change (—)10/2 
days and tenths 2.7 } Step 4 days and tenths 2.7 Step 4 














corr. (—)3/5 corr. (—)27/5 
A 255°00/0 O July 16 21°25/0 N\ Step 6 
B 3°15/0 Step & Ons 
C 12'1 Dec. 20°67/5 N 
0° July 16 178°31/5) Step 6 
GHA 76°55/2 


Aries table. 1. Subtract 1972 from the year and divide the difference by four, 
obtaining (a) a whole number, and (5) a remainder. Enter column indicated by re- 
mainder (5) and take out value for given month. 

2. Enter multiplication table with whole number (a) of stap 1, day of month, 
hours of GMT, minutes of GMT, and seconds of GMT, and take out corrections 
D, E, F, G@, and C, respectively. 

3. Add values of steps 1 and 2. 


Ezample—Find GHAT at GMT 11°06"33* on November 28, 1995. 
Solution —Step 1: (1995—1972)--4=5, remainder 3. Use column 3. 


GHAT 

Nov. 38°40/6)} Step 1 

D 92 

E 27°38'9 
F 165°27/1|} Step 8 

G  1°30/2 

Cc 8/2 
GHAT 233°31/2, Step 8 


or 1 ear nate ASE RUN, CASAL eM, PUNO CN, PL Ya NE YIM HM ym 








Stars table. 1. Enter table with star name, and take out tabulated values. 
: 2. Subtract 1972.0 from given year and tenth, and multiply annual correction by 
= , difference. Apply as correction (-+or—, as appropriate) to value of step 1. 

: Ezample—¥ind SHA and declination of Spica on September 11, 2011. 
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Solution.—From decimal--table, September 11, 2011=2011.7....20: 
39.7. 


SHA "Declination 


1972.0 159°04!3} Step 1 "1972.0 11°01"0'S} Stept 


39.7X'(—)079 (—)381/4 39.7X0.31 (+)12’3-] 
SHA 158°22'0| Step ?. “Deo. “11°1378 gf Ser 2 


To determine-GHA of star, add GHAT and SHA for given time and date. 
















































































} 
I 
| 
} 
iia silicic 


EN 








sig 


SE UHR HHO 
jt *. ayn : ae 
Pa Ti ea Sr A Hi AEP RH 


HM 
a 








‘ 
4 


\ 
! : 
ee 








iad eat seu 














MPRA LP PA 
Nets ee Ste et 
es Feo pes 
SFOS NL we arg OS ee ep oo 


reer = 
SRERSZARAA 





RANARNN MAA. 
By Oy 09 ora a 0 £NQ 
WPA Oa o25Re 
AAD OP OD Ne CD ee OD 


Sun ok SoN 


ANNUNNARAN 
NAONNAFOK SD 


SH Kees See 
SoD ob ba ta oo co a 


RAMA VIN UI 
NPD OM ASD 
POD OG TP eon DS et Go 
SN PF DD OM 


* SNNAASRALS 















SPARS OS i me OD 


oo 


Le 0020 PD Nem OS oo 


oe koe od od Ot 





















Re 


FL mE OLIN % 
wn 0 9 


IO one BD CD ome HII SON ROW on 9 89 OD 





SAID es od Oi DWE Ss we PES Swe 09 0S 09 ee 19 20 ONL ONST Hw i ttede tote) 
99 03 98 53 09 09 09 09 oF BSaNG saa SLISSSEZR8 AP PAD AS AD a ad oe 
ook Sad et ot a et ot gt mI NOISIONOIOI ST ODES Ste rer ris nets APD OD AID Af Ara aD ast eA A 





























RBARARANM AA 
Ie ad PRN EHD DLO 


MOSS FT wore oF wpa 
SPP OS 8 ECD 


COD FRR ODeN 


RARRLALGRR 
SEO ome 0 PD Me a 
SSSSSSNFSa 


AARNATRNAAN 
> GD any AD ROD OD EHO OD 


WO wy Sh O88 OF xe ae os 
tN ME OD 09 09 ORIN me ree 


1909 1 POD NON 


on ond oad ol gd ont aed 










CA ODO ne a 
09 be OQ ie or tw OO 
09 POF NE owe OD 


TOL OOS 


oe one eat mt gent eo mt SD ITD 


6D UO OLD tsa 
1 0 6 0 Ca Few > 
oe OOS 9F era et 


PMC KHACHMKNS 



































AMO MMIS SINS TAD Peeten I OM 






QIN DOWM HS OG OF D ADEs IS OOQm Dre 





HASH mwowe 1D ent We DDS DG me a dDannwation frm FSHSOD HO 1 be we EA Ae On oe DO EE 
SSRSSSASES 29 OF SANDE OD 09 SEANSSSL8S HUSSVSlnae Sr PACE APD RED APD AD AD OO 
' me AEM DDN 89 OD OF 0 A HE a ADD AD AD AP A 








LONG-TERM -ALMANAC 
JANUARY 
FEBRUARY 














LLP LP PLLA 
OD OE oe mets oD nO 

Poel ™ 
METSRASSSS 
TASS OT me DOG 


mt et one ome 


ANAM . 
DD OO Oe OR OD OH 
3 FDO o 

Fens ae 


COA POT EO Gm Ol 


BARARAR AN 
DAD 0 tre er ee PANTS 


SAARHSALLS 


OID FF ONROM 


ot oe od ad ood ol ee 











me 





: wt 
(FE mt ED nee Rom wt ee 
Vat FD 
ADDIE 

= 


RENE ENE AND er Oy OD 
ee 
asnzsn 
+ AMMAN wm STN 
ORNS OU ont oot ome 
















































































































































































































mgt me on EOD 1 TD 


WS esses Sipe a, 
99 59. OU 09 09 FF 


eet em en 


Aegon ets 
Oba Mort~ ent 
SSuNSSS2N5 
oN DSBS OD PN 


Serr oeet ay : 
thaw Agx-onas OF ere 1 OD 
hy me MD OF CS oe SOS AD AD ee ee 


ON eo ep aD AD at aD et wy ap APD AD WD AE ED 





SF Se 82 at 
NED DDD NINE ND ING ot one 















APPENDIX H 








Hy one OOF SAS 
RHLAARAR SS 


soocececss 
there ee ane 







































DASE AO A PAARL AAT PAA A Pee RAP RP OPAL ee RRL PP Phe eta he 
2 MOOD Re OE bs C2 2) HRNSwseme noe BQN Nes BS DBAS ONS 12S Sag whan te oe 
AD Db~ 200 O96 03 SPOONING S LJ MMW Pawan S SSS 282222 ADRS Be at} met we oP con aie 
DAD OF S 09 SS OSA ome OE NOs 32 oP we PP coo CON wt Sa FO) 0 NOt rt ooloo ate POD ON eA ON 











PA Oe DS om NOS 


eg Ne So eaxuear SSE eaae es 


ro Le ol od 


© PROUD Dm ‘ace 
AHRIAAHARA 
























Soret OOS RO ' 


Po Deon 
aD OD MD me DN 


PO OP OF Pe 


Ore RS oe DAE 


o> oo ST ont 
FF wn 


UD Aas ATA A A 


702 DOC Mio 
1D 0D a ey 1 
ABS ABS aas 


8 ODES OD DE OF mt ne 


Tr OP HO COI A myer ow 
an RUBSsrzgs 
MOMNO eS AN 
mn ON ON ND 2083 OF 





4D tO PD ve 
NANOS TP 


ee ee oe ed ee oe re ee 


t- 
OS 
















































































































































































































































































































































































































ee 





SAINAGRGIAA 


OD mney me CU Ut 
SSnreszan 
oF 


LLLP LRP RL he 
CO NS AE WO 


RAS iSAITRSs 


ANRASIBARS 


SU OS DON HOF 


or oe 





LL PPL, 








wt O09 FOS Oh 


AP le AAD ATE A OP ae oP op 


20 D9 


a 
Ra2RG 


ne 





MOT re te Sap 
a4 2 

asm SSegar 
a pan 





eS om oe 





POLL LLL RER LR 
WF WED wwe worn WED ND tin) wom (SH 
Suen ages x 


ESP ALS ome RN Dene 


SHAAS AAAS 





= hy we RE DION PS OF or 
Do pe SAD OD END moe 









ttre ewe eee 








Haale he he the hate ha 
SP ODI RD susan AT OD 


23 szeE2S DEO CR oe 


en SESE S OD ow 



































we Sy LNB eer 
Soooaocsoss 
eSeocgeg goog 








were 


-—— 


































































Dm Rie Rey a wee LG) 


” ~ ON oS 
pd 1) emt wee NNN END 


ip oa eo ON 
TAM A ee ap op op 


















































































































































































ee IE 
y ‘ 


















MALLE AL ee RRR R MRA ae NNAANARAARA ARMMANANAAN PAPAL IY 9 





NOMMoAS O01 Hogromnonaie | | sone ONAN TIONS HO OOTY E27 OF TAEDA © 0917 10-4 > 69 
RRSSasssss BSSZ2nss2ei SSSSIaAsss SSSRZSSHars 












NwHOerwsAaonman 


» DWE OQ eae S BeoowrwweSon 
Oe en od ee ome moe 


WIDOW OARS xt 
Sin8 x aa 


8 eed Ok om Oo Oe od 


AIKVRKAAIS 


RANAAAARAS 





















Bigeoges wig ey io | 
SHasadsase 


iv tet 129 apt 


QeYMwMNH Aww 
Or ONNNS YS 

S3b2RReses 
er i= 0900 00 CO CD OO 


NOMONw HI 


DAD PF MOS D et oe TH 
SESE aeaas 
MAD ADMD O10 


PES OF OF Os OF CAD 
SASSISSAa5 
DIODES ODO OD OP ae 


12. os tad 4 92 20 tH we 
IH we Ow wf 09 i 
BSasSBr PQ 
“PAD WII INWOOD 




































































































































































































































































































































































ReDim 





I 90.00 20 99 OD Ti TP DH 0 0 00 60 00:00 





09 09 09 09 09 09 oF FT oP SPANO ANDO Ol 





© POD OD OF 09 09:09:09 09 09 


o 
«a PRL PLLA LA RELL LAA ARNANANAN AANARAAA IA RUA A RON A nD 
DD DDD RD OF OD mF me et MD OM HL OD et Owe mt AD ee OD > KD A= PD AMD >: RAO AN ea AED A A ESE He 5 i 
5 00 5 OO ON oF g 09 ww ea" Q wre WO = eee See ee Bree ees H 
SBS2BNSISs RAISISBSSES RBS5SSR9885 BSLASSSEE8 ZRSSSR2ER= SSRSERAAAR : 
- ~ . 
. 
* ah 
1 il 
4 BAD Fen OO DO ow DPOONOWINMO Rn SY LY er AD ee ert MR PD COD D> PD (OD) WD 
+ SQNON anes LS : 2 Qe FORA " pater hare 
SESIRSRARA B2Ss52R535 SVSaRSISRS SSSSRFTRRS SRElSsSeass a 
<3) SP OD 09 07 09 09.09.09 09 09 we PAD AD AD AD OO tO Ew PreK SDDRMDNDOH M Gr Sr T 30 00 0040 G0 00 fs 8 0" 2 40 OO WS m , \ 
o 
Ea fe ty S ta Oe ‘ sh 
oy 8 & Dewan oF & a S 
> & 5 b oO ' 
< a 5 ° ig . \ 
. » , “ 
os LR LLL he AMLBAAAALS | OC | wmmmmncman MARANA MAAAARNA UD QARRA RR D { } 
td NEO orrs ae OAD DO FO MORIA be Pt Oe DO HID beet xb hehe beer VHLD ONT NO ond MN Ot : 7 
: » Tee seen a rues | RN SE = ee cae . Ste ae 
SSSUBsRass BSARSSRRESS SRARSFSBRBS RRRSRSRSS= SRSSSLAAAS 
| RUNUHARKSA gEekzasnee Seseneasen OrmOr male AASESSARRA SRIVIRG ANT ‘ 
e AOD mee IO 1D OQ PHD Us EID TOP OP COD est tO 29 HLS me Oe OD OD WA OD me 6. OD yA CD 7 NOD wt mg BO i j 
o eS ee Rog — my 09 Er 0 See e pe edo teria eee ee bs hassle er abe fe 
a | BSSESRaRAAS RASSS4S28R BUASRARLSS BSSRASIRRS SSSSR53Rr3 7 SG make 69. Sp OM oF : 




















PPV SAAD 
P20 TD NO. NED Om APD 
1S 0 00 er 9 Oe 
it ALD MD ONE NE 


HRAAIRAANA 


RAMAANANARMARAW 
89 0D. hm ot SO wnt WFD HO OY 
£33 TS 18 NS ww ote 

NUS NO op 


SARLLLAAD 
DAS Wey Tee gd 
ws paps 
ARSBSFnN38 


NEO ONO 


PM LLP LLLP Re 
DE Re 0 O00 ee wD oe 
COO rs oD oD oad 
Se Od AF ee ae Ser ee 
20 + OAD *P 02 DINO 


Oe dae ee ee ad oe oe 


DARNAAADAMNINH 
NAN Homa wwi 
Dlr eH IDO Hw 
SHNB FH SSS 


09 FAD TOE 99 De NOD 


oto 


BARR LBL RPh 
OA AD OD DDD 9 +H Dm D 


Ieee 0 LD ED ed PD OO: roe 
D1 09 ad AD ee SD 


SANAASARRS2 





ARERSALRRN 


























Dw 09 OO HE CHO OLD 
8 99 D Ch 0H 0 oe 1 
SRSSRSINSE 
(ee te DO Danian we 


1 wet 6D wt EOD Ow te 
red ”-~ wmy 

SSSSBSRRR5 
AMAA WH 0 6 0000 WO 


22 OO mea 05 a a FOOD OD 
RPOMN TIS 


EK BOW ODNOOH 


WED re OH IMD AD OP EP A TD 
tO Bein SO 
SBVzBRSsaR 


P02 09 69 69 09.09 09 09.09 


G69. Se Op weg he PY ome 
WOoor nosso 
N69 02 OO 


BO 09 09 09 09 OD PP Pe 


Nea tm HOH HOD 
Ree POH) st 9 SD 
Qa iQ tow Sw 
PAD INIA 'O DO Dt t+ 














1168 


























ee mee ~ 




































































































































































- en gene ‘ 
7 






























cic MMADOO, 


1169 





























OAMOW | Nera aw 


















































MULTIPLICATION TABLE 

















ya 
Ot EHO 
7 oe os 
2 ones =e as2=3 | 
I 


APPENDIX H: LONG-TERM ALMANAC 





Achernar 
Acrux 
Aldebaran 
Arcturus 
Atria 
Betelgeuse _ 
Cano} 
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APPENDIX I 
IDENTIFICATION OF NAVIGATIONAL STARS 


Introduction.—-The following summary is not intended as a substitute for a star 
finder such as No. 2102-D, or of a knowledge of the heavens, but is given as a supple- 
~entary reference to assist in locating the 57 stars included in the main listing in the 
Nautical Almanae, plus Polaris. The observer is assumed to be at about the average 
latitude of the United States, unless another latitude is indicated. If a celestial body 
is said to be east of another, it is lower in the sky if both are rising and higher if both are 
setting. A body north of another is nearer the north celestial pole. Directions réfer 
to great circles on the celestial sphere. Figures referred to are the star charts of chapter 
XXII, which should be of assistance in- interpreting the descriptions given. It is_as- 
sumed the reader is familiar with such well-known configurations as the Big Dipper 
and Orion. Constellation names are given in italics. 


Acamar crosses the celestial meridian near the southern horizon during evening 
twilight in February, and during morning twilight in August. It is part of the con- 
stellation Eridanus, the river, which is not a striking configuration. It is the faintest 
star listed among the 57 in the almanac, but is the brightest in its immediate vicinity. 
The nearest bright star is Achernar, about 20° away in a generally southwesterly 
direction. Dec. 40°S, SHA 316°, mag. 3.1. Fig. 2205. 


Achernar, at the southern end of the inconspicuous constellation Eridanus, the 
river, is one of the brightest stars of the Southern Hemisphere. It is not visible north 
of latitude 33°N. It crosses the celestial meridian during evening twilight in January, 
and during morning twilight in early August. Nearly a straight line is formed by 
Fomalhaut, about 40° WNW; Achernar; and Canopus, about the same distance in the 
opposite direction. However, since these stars are widely separated, the relationship 
is not striking. Achernar forms large triangles with Acamar and Ankaa, Ankaa and. 
Al Na’ir, and with Al Na’ir and Peacock. Dec. 57°S, SHA 336°, mag. 0.6. Fig. 2205. 

Acrux is tue brightest anu most southerly star in the famed Southern Cross. It is 
not visible north of latitude 27°N. It crosses the celestial meridian during evening 
twilight in early dune and during morning twilight in January. It is about 15° WSW 
of first magnitude Hadar and Rigil Kentaurus. Dec. 63°S, SHA 174°, mag. 1.1. Fig. 
2207. 

Adhara. About 10°S and a little to the east of Sirius is a small, approximately 
equilateral triangle of three second magnitude stars. Adhara is the westernmost and 
brightest of the three. It crosses the celestial meridian to the south during evening 
twilight in March, and during morning twilight in October. Dec. 29°S, SHA 256°, 
mag. 1.6. Fig. 2206. 

Aldebaran. If the line formed by the belt of Orion, the hunter, is extended about 
20° to the northwestward. and curved somewhat toward the north, it leads to first 
magnitude Aldebaran in Teurus, the bull. This is a group of stars forming a V. A long, 
curving line starting at Sirius extends through Procyon, Pollux, Capella, and Aldebaran. 
Dec. 16°N, SHA 291°, mag. 1.1. Fig. 2206. 

Alioth is the third star from the outer end of the handle of the Big Dipper, and the 
brightest star of the group. Dec. 56°N, SHA 167°, mag. 1.7. Fig. 2207. 
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Alkaid ig the star at the outer end of the handle of the Big Dipper, farthest from the 
bowl. It is the second brightest-star of the group. Dec. 49°N, SHA 1535; mag:-1.9, 
Fig. 2207. 

Al Na’ir is the westernmost of tw . second:magnitude stars of sia equal babe 
ness about midway between first mignitude Fomalhaut, approximately 20° to: the 
northeast, and-second mangitude Peacock, about the same distatice in the opposite 
direction. A curved line extending eastward from the:Southern Cross passes through 
Hadar and Rigil Kentaurus and, if extended with less curvature, leads first torPeacock 
and then-to Al Nw’ir. This star forms triangles with Fomalhaut and-Ankaa; Ankaa and 
Achernar, atid with Achernar and: Peacock. It-is not visible north of latitude 43°N: 
It crosses the celestial meridan during evening twilight early in December, and during 
morning twilight in June. Dec. 47°S, SHA 28°; mag. 2.2. Figs. 2205, 2208. 

Alnilam is the middle star of the belt of Orion, the hunter. Dec. 1°S, SHA 276°, 
mag, 1.8. Fig. 2206. 

Alphard, a second-magnitude star, is the brightest in the inconspicuous constella- 
tion. Hydra, the water. monster. The nearest bright star is first magnitude Regulus, 
about 20° NNE. lt is about midway between the horizon and zenith when it crosses 
the celestial meridian to the southw. ard during evening twilight ir iate April, and during 
morning twilight in November. Dec: 9°S, SHA 218°, mag. 2.2 Fig.2207. 

Alphecca is the brightest star of Corona Borealis, the Northern Crown, about 
20° ENE of first magnitude , Arcturus. It forms a triangle with Arcturus and’ Alkaid. 
| It crosses the celestial meridian near the zenith during evening twilight in July, and 
; during morning twilight in February. Dec. 27°N, SHA 127°, mag. 2.3. Figs. 2207, 
| 2208. 

Alpheratz, a second magnitude star, is at the northeast corner of the great square of 
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Pegasus, the winged horse, and is the brightest of the four stars forming the square. 
It crosses the celestial meridian near the zenith during evening twilight early in January, 
and during morning twilight in July. Dec. 29°N, SHA 358°, mag. 2.2. Fig. 2205. 

Altair is at the southern vertex of a large, nearly right triangle which is a cop~ 
spicuous feature of the evening sky in late summer and in autumn. The right angle is 
at Vega and the northern vertex is at Deneb. All three are first magnitude stars. Two 
fainter stars close to Altair, one on each side in a line through Vega, form © charac- 
teristic pattern making Altair one of the easiest stars to identify. It crosses the celestial 
meridian during evening twilight in October, and during morning twilight in May. 
Dec. 9°N, SHA 63°, mag. 0.9. Fig. 2208. 

Ankaa, a second magnitude star, is the brightest star in inconspicuous Phoeniz. 
It is surrounded by and forms a series of triengles with Diphda, Fomalhaut, Al Na’ir, 
Achernar, and Acamar. It crosses the celestial meridian low in the southern sky in 
January, and during morning twilight in July. Dec. 42°S, SHA 354°, mag. 2.4. Fig. 
2205. 

Antares is the brightest star in the conspicuous constellation Scorpio, the scorpion, 
which is low in the southern sky during evening twilight in late July, and morning 
twilight in late February. No other first magnitude star is within 40° of Antares and 
none toward the north is within 60°. It has a noticeable reddish hue and in appear- 
ance somewhat resembles Mars, which is occasionally near it in the sky. Dec. 26°S, 
SHA 118°, mag. i.2. Fig. 2208. 

Arcturus. The curved line along the stars forming the handle of the Big Dipper, if 
continued in a direction away from the bowl, passes through brilliant, first magnitude 
Arcturus. The distance from Alkaid, at the end of the Big Dipper, to Arcturus is a 
little more than the length of the dipper. Arcturus forms a large triangle with pe 
and Alphecca. Dec. 19°N, SHA 146°, mag. 0.2. Figs. 2207, 2208. 
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Atria is the brightest-of three stars: forming a small triangle called: Triangulum 
Australe, the southern triangle, not far from the south celestial<pole. It is not seen 
north of latitude 21°N. A line through the east-west arm of the Southern Gross, if 
continued toward the east and:curved somewhat.toward.the south, leads first-to Hadar, 
then to Rigil Kentaurus, then, by curving more sharply, to the northernmost star of 
the triangle, and finally to Atria, only about 21° from the south celestia: pole. Dec. 
69°S, SHA 108°, mag. 1.9. Fig: 2207. ; 

Avior is the westernmost star of Vela, the sails, or false southern cross, about 30° 
WNW of-the true Southern Cross, about 15° ESE of the brilliant Canopus, and nearly 
enclosed within a large triangle fcrmed by Canopus, Suheil, and Miaplacidus. It is 
not visible north of Jétitude 31°N. Below this, it crosses the celestial meridian low in 
the southern sky during evening twilight in. Aprit, and moraing twilight in early 
November. Dec. 59°S, SHA 234°, mag. 1.7. Figs. 2206, 2207. : 

Bellatrix is a second magnitude star north and a little west of the belt of Orion, 
the hunter. It is about equidistent from the belt and first magnitude, red Betelgeuse. 
Bellatrix is at the northwest corner of a box surrounding the belt of Orion. Dec. 6°N, 
SHA 279°, mag. 1.7. Fig. 2206. 

Betelgeuse is a conspicuous, reddish star of variable brightness about 10° north 
and a little east of the belt of Orion, the hunter. A line through ie centor of the belt 
and perpendicular to it passes close to red Betelgeuse to (ie north and blue Rigel about 
the same distance south of the belt. Betelgeuse and Rigel are at opposite corners of 
a box surrounding the belt of Orion. Dec. 7°N, SHA 272°, mag. 0.1-1.2 (variable). 
Fig. 2206. 

Canopus, second brightest star in the sky, is about 35° south of Sirius. A line 
extending eastward through the belt of Orion and curving toward the south passes 
first through Sirius, then through the small triangle of which Adhara is the brightest 
star, and finally to Canopus, which forms a large, almost equilateral triangle with 
Suhail and Miaplecidus. This triangle nearly encloses Vela, the sails or false southern 
cross, about 20° ESE of Canopus. Canopus is not visible north of latitude 37°N. It is 
on the edge of the Milky Way and while many relatively bright stars are nearby, 
none in the immediate vicinity of Canopus approaches it in brightness. Dec. 53°S, 
SHA 264°, mag. (—)0.9. Fig. 2206. 

Capella is a brilliant star about 45° north of the belt of Orion, the hunter. A 
curved line starting at Sirius ané extending through Procyon, Pollux, Capella, Alde- 
baran, the belt of Orion, and back to Sirius forms an inverted tear-drop figure with 
Capella at the top and the various parts being about equally spaced along the curve. 
Capella crosses the celestial meridian near the zenith during evening twilight in early 
March, and during morning twilight in late September. Dec. 46°N, SHA 281°, 
mag. 0.2. Fig. 2206. 

Deneb is a bright star at the northeastern vertex of a large, nearly right triangle 
formed by Altair, Vega, and Deneb, the right angle being at Vega. These three stars 
are the hightest in the eastern sky during summer evenings. Deneb is not as bright 
as the other two, but is the brightest star in the constellation Cygnus, the swan. It 
crosses the celestial meridian near the zenith during evening twilight in November, 
and during morning twilight in late May. Dec. 45°N, SHA 50°, mag. 1.3. Fig. 2208. 

Denebola, in Leo, the lion, is a second magnitude star at the epposite end of the 
constellation from Regulus. A straight line from Regulus, on the west, to Arcturus, 
on the east, passes close to Denebola, which is somewhat nearer Regulus. Denebola 
crosses the celestial meridian to the south during evening twilight in May, and during 
morning twilight in December. Dec. 15°N, SHA 183°, mag. 2.2. Fig 2207. 
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Diphda. A line extending southward through the eastern side of the great square 
’ of Pegasus, the winged horse, and curving slighily toward the east, leads to second 
* magnitude Diphda. The distance from the southern star of Pegasus to Diphda is about 
twice the Jength of one side of the-square. Diphda is part of the inconspicuous con- 
stellation Cetus, the whale. The only nearby first magnitude star is Fomalhaut; about 
25° in a generally southwest direction. Diphda, Fomalhaut,.and Ankaa form a nearly 
equilateral triangle. Dec. 18°S, SHA 349°, mag. 2.2. Fig. 2205. 

Dubke forms the outer rim of the bow] of the Big Dipper. It and M:~ak (not one 
of the 57 navigational stars) are the two “pointers” used to locate Polaris; Dubhe 
being the one nearer the Pole Star. Dec. 62°N, SHA 194°, mag. 2.0. Fig. 2207. 


Elnath is a second magnitude star between Capella, about 15° to the north, and 
Betelgeuse, about 20° to the south. It is a little north of a line connecting Aldebaran 
and Pollux. It is at the end of the northern fork of V-shaped Zaurus, the bull. Aldebaran 
is the principal star at the closed end of the V. This constellation is approximately 
25° NNW of Orion, the hunter. Dec. 29°N, SHA 279°, mag. 1.8. Fig. 2206. 

Eltanin is the southernmost and brightest star in the inconspicuous constellation 
Draco, the dragon, south and somewhat east of the Little Dipper. A straight line extend- 
ing northwestward through Altair and its two fainter companions passes first through 
brilliant Vega, and, about 15° beyond, to second magnitude Eltanin. Eltanin crosses 
the celestial meridian high in the sky toward the north during evening twilight in early 
September, and during morning twilight in late March. Dec. 15°N, SHA 91°, mag. 2.4. 
Fig. 2208. 

Enif is a third magnitude star approximately midway between Altair, about 25° 
west, and Markab, about 20° ENE. From Markab, at the southwestern corner of 
the great square of Pegasus, the winged horse, a line extending in a generally west- 
southwesterly direction passes through two almost equally spaced fourth magnitude 
stars. From the second of these, a line about 5° long extending in a northwesterly 
direction leads to Enif. Enif crosses the celestial meridian to the south during evening 
twilight in November, and during morning twilight in June. Dec. 10°N, SHA 34°, 
mag. 2.5. Figs. 2205, 2208. 


Fomalhaut is a first magnitude star well separated from stars of comparable 


+t brightness and from conspicuous configurations. A line through the western side of 








- the great square of Pegasus, the winged horse, and extended about 45° toward the 
* south passes close to Fomalhaut, which forms two large, nearly equilateral triangles 
with Diphda and Ankaa and with Ankaa and Al Na’ir. Dec. 30°S, SHA 16°, mag. 1.3. 
Fig. 2205. 

Gacrux is the northernmost star of the Southern Cross. It is bright for a second 
magnitude star, but its brilliance is overshadowed by the brighter 8 Crucis (not listed 
among the 57 navigational stars) and Acrux, the two brightest stars of the Southern 
Cross, and by Hadar and Rigil Kentaurus, about 15° ESE. Gacrux crosses the celestial 
meridian durin evening twilight in early June, and during morning twilight in late 
December, bu. is not visible north of latitude 33°N. Dec. 57°S, SHA 173°, mag. 1.6. 
Fig. 2207. 

Gienah is a third magnitude star, the brightest in the constellation Corrus, the 
crow. A long, sweeping arc starting with the handle of the Big Dipper and extending 
successively through Arcturus and Spice leads to this relatively small, four-sided figure 
made up of third magnitude stars. Gienah is at the northwest corner. It crosses the 
celestial meridian during evening twilight in late May, and during morning twilight 
in December. Dec. 17°S, SHA 176°, mag. 2.8. Fig. 2207. 
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Hadar is a first magnitude'star about 10° east of the Southern Cross,-and-about 
5° west of Rigil Kentaurus, the brightest of severai bright stars in this part of the sky. 
Dec. 60°S, SHA 149°, mag. 0.9. Fig. 2207. 

Hamal is the brightest star cf the inconspicuous constellation Aries, the ram. A 
line through the center of the great square of Pegasus, the viiged horse, extended 
about 25° east, and curved slightly toward the north, leads-to Hamal. It is over the 
meridian to the south during evening twilight in January, and during morning twilight 
in August. Dec. 23°N, SHA 329°, mag. 2.2. Fig. 2205. 

Kaus Australis is near the southern end of a group of second and third magnitude 
stars forming the constellation Sagittarius, the archer, about 25° ESE of Antares, in 
Scorpio, the scorpion. It is about 10° SW of Nunki, also in Sagittarius, and about the 
same distance ENE of Shaula, in Scorpio. With Antares, Sabik, and Nunki, it-forms 
a large, poorly defined box. It is over the meridian to the south during evening twilight ; 
in September and during morning twilight in April. Dec. 34°S, SHA 84°, mag. 2.0. 
Fig. 2208. 

Kochab forms the outer rim of the bowl of the Little Dipper, at the opposite end 
from Polaris, about 15° north. It is directly above the pole during evening twilight 
in early July and during morning twilight in January; and directly below the pole, 
low in the northern sky, during evening twilight of early February and morning twilight 
of late August. Dec. 74°N, SHA 137°, mag. 2.2. Fig. 2208. 

Markab is. the star at the southwest corner of the great square of Pegasus, the 
winged horse, at the opposite corner from Alpheratz. It is over the celestial meridian 
to the south during evening twilight in December, and during morning twilight late 
in June. Dec. 15°N, SHA 14°, mag. 2.6. Fig. 2205. eB 

Menkar is a third magnitude star at the eastern end of the inconspicuous constel- 
lation Cetus, the whale. No bright stars are nearby. A straight line from Aidebaran 
extending about 25° in the direction indicated by the point of the V of Taurus, the bull, 
leads to Menkar. A long, straight line from Fomalhaut east-northeastward through 
Diphda, and extended about 40°, leads to Menkar. It crosses the celestial meridian 
during evening twilight in February, and during morning twilight in August. Dec. 4°N, 
SHA 315°, mag. 2.8. Figs. 2205, 2206. 

Menkent is a second magnitude star about 25° north of Hadar and about 30° 
northeast of the Southern Cross. A line from Gienah across the o;posite corner of the 
small, four-sided Corcus, the crow, and then curving a little toward the east, leads to 
Menkent. A number of third magnitude stars are nearby, but they do not form a 
conspicuous configuration. With Antares and Rigil Kentaurus, Menkent forms a large 
triangle. It crosses the celestial meridian low in the southern sky during evening twi- 
light in late June and during morning twilight in early January. Dec. 36°S, SHA 145°, 
mag. 2.3. Figs. 2207, 2208. 

Miaplacidus is a second magnitude star about 10° south of the false southera cross. 
It is the nearest of the 57 navigational stars to the south celestial pole, about 20° away, 
and is not visible north of latitude 20°N. With Suhail and brilliant Cenopus it forms 
a large, neatly equilateral triangle almost enclosing the false scuthe:n cross. South of 
latitude 20°S, it does aot set, but circles the south celestial pole in a clockwise direction, 
reaching its maximum altitude above the pole during evening twilight in early May 
and during morning twilight in November. Dec. 70°S, SHA 222°, mag. 1.8. Figs. 
2206, 2207. 

Mirfak is a second magnitude star at the northeastert. end of a gently curving line 
extending in a northeasterly direction from Alpheratz at the northeastern corner of the 
great square of Pegasus, the winged horse, through two other second magnitude stars, 
Mirach and Almach, not included among the 57 navigational stars. Mirfak is about 
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25° east and a little south of Cassiopeia, and about 20° WNW of Capella:-A line frum 
Kochab through Polaris, and curved slightly toward. the east, leads to: Mirfak. Dec. 
50°N, SHA 309°, mag. 1.9. Figs. 2205, 2206. 

Nunki is the more northerly of the two brightest stars of 4 group of second: and 
third magnitude stars forming the constellation Sagittarius, the archer, about 30° E of 
Antares. It is about 10° NE of Kaus Australis, also in Sagittarius. With Sabik, Antares, 
and Kaus Australis, it forms a large, poorly-defined box. It is over the meridian to the 
south, during evening twilight in early October and during morning twilight in-April. 
Dec. 26°S, SHA 77°, mag. 2.1. Fig. 2208. 

Peacock, the brightest star in the southern constellation of the same name, is not a 
part of a conspicuous configuration of stars. A curved line extending eastward from 
the Southern Cross passes through Hadar and Rigil Kentaurus and, if extended with less 
curvature, leads to Peacock, about 30° southeast of Scorpio, the scorpion, and about 20° 
southwest of Al Nair. With Al Nair and Achernar it forms a large, poorly defined 
triangle. It crosses the celestial meridian during evening twilight in early November, 
and during morning twilight in late May, but is not visible north of latitude 33°N. 
Dec. 57°S, SHA 54°, mag. 2.1. Figs. 2205, 2208. 

Polaris is not listed among the 57 navigational stars, but is.treated separatety be- 
cause it is less than 1° from the north celestial pole. It is about midway between the 
Big Dipper and Cassiopeia. A line through Dubhe and Merak (not one of the 57 navi~ 
gational stars), the pointers forming the outer side of the bowl of the Big Dipper, if 
extended northward for about 30°, leads almost directly to Polaris. A line extending 
north from Alpheratz at the northwest corner of the great square of Pegasus, the winged 
horse, passes through Caph (not one of the 57 navigational stars) in Cassiopeiu and 
then Polaris at about equal intervals. Dec. 89°N, SHA 328°, mag. 2.1. Figs. 2205-2208. 

Pollux is the brighter of the “twins of Gemini,” two relatively bright stars about 
45° NE of Orion, the hunter, and about 45° ENE of Aldebaran. A curved line starting 

t Sirius extends through Procyon, Pollux, and Capella, all first magnitude stars. Dec. 
28°N, SHA 244°, nag. 1.2. Fig. 2206. 

Procyon is a bright star about 30‘ east of Orion, the hunter. A curved line starting 
at Sirius extends through Procyon, Pollux, and Capella, all first magnitude stars. Dec. 
5°N, SHA 245°, mag. 0.5. Fig. 2206. 

Rasalhague forms a large, nearly equilateral triany:e with Altair and Vega, Rasal- 
hague being at the western vertex. Both of the other stars are considerably brighter 
than Rasalhague. It crosses the celestial meridian to the south during evening twilight 
in early September, and during morning twilight in late March. Dec. 18°N, SHA 97°, 
mag. 2.1. Fig. 7,3. 

Regulus is at the opposite end of Leo, the lion, from Denebola, and is the brightest 
star of the constellation. A line through Dubhe and Merak (not one of the 57 naviga- 
tional stars), the pointers by which Polaris is usually identified, extended about 45° 
southward, and curved slightly toward the west, leads to Regulus, which foims the 
southern end of the handle of the Sickle, part of Zeo. Dec. 12°N, SHA 208°, mag. 1.3. 
Fig. 2207, 

Rigel is a brilliant bluish star about 10°S and 2 Jfutle to the west of the belt of 
Orion, the hunter. A line through the center oi the bel. a.d perpendicular to it passes 
close to blue Rigol to the south and red Betelgeuse rbout the saine distance north of the 
belt. Rigel and Betelgeuse are at opposite corners of » box surrounding the belt of 
Orien. Dec. 8°S, SHA 282°, mag. 0.3. Fig. 2206. 

Rigil Kentaurus is the brighter and more easterly of two first magnitude stars about 
15° east of the Southern Cross. It is over the meridian during evening twilight in early 
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July, and during morning twilight in late January, but is not visible north of latitude 
29°N, Dec. 61°S, SHA 141°, mag. 0.1. Figs 2207, 2208. 

Sabik is part of the inconspicuous constellation Ophiuchus; the serpent holder, 
about 20° north of Scorpio, the scorpion. With Antares, Kaus Australis, and Nunki, 
it forms a large, poorly defined box in the southern sky on summer evenings. Sabik 
crosses the celestial meridian during evening twilight in August, and during morning 
twilight in March. Dec. 16°S, SHA 103°, mag. 2.6. Fig. 2208. 

Sch 4ar is the southernmost star of the W (or M) of Cassiopeia, on the opposite 
side of Polaris from the Big Dipper. It is the second star from the leadizig edge of this 
configuration as it circles the north celestiai pole. Dec. 56°N, SHA 350°, mag. 2.5. 
Figs. 2205, 2206, 2208. 

Shaula is a second magnitude star marking the end of the tail of Scorpio; the 
scorpion, at the opposite end from Antares. This constellation is low in the southern 
sky on summer evenings. Shaula is about 15° southeast of Antares and about 10° WSW 
of Kaus Australis. 1t crosses the celestial meridian during evening twilight in early 
September, and during morning twilight in March. Dec. 37°S, SHA 97°, mag. 1.7. 
Fig. 2208. 

Sirius, the brightest star in the heavens, is in the constellation Canis Major, the 
“large dog” of Orion, the hunter. The line formed by the belt of Orion, if extended 
alout 20° to the eastward and curved toward the south, leads to Sirius. Dec. 17°S, 
SHA 259°, mag. (—)1.6. Fig. 2206. 

Spica is the brightest star of Virgo, the virgin, an inconspicuous constellation on the 
celestial equator to the south during evening twilight in early summer. The curved 
line along the stars forming the handle of the Big Dipper, if continued in a direction 
away from the pointers, passes through Arcturus and then Spica. The distance between 
Alkaid, at the end of the Big Dipper, and Arcturus is about the same as that between 
Arcturus and Spica, and is a little more than the length of the Big Dipper. Spica 
crosses the celestial meridian during evening twilight in June, and during morning 
twilight late in December. Dec. 11°S, SHA 159°, mag. 1.2. Fig 2207. 

Suhail is one of a number of second magnitude stars extending along the Milky 
Way between Sirius and the Southern Cross. It is about 10° north of the false southern 
cross, which is nearly enclosed by a large, nearly equilateral triangle formed by Suhail, 
Canopus, and Miaplacidus. Canopus and Suhail are on opposite edges of the Milky 
Way, with a number of second magnitude stars between them. A straight line extend- 
ing eastward through the east-west arm of the Southern Cross leads to Suhail, about 
35° away. In the southern United States, Suhail crosses the celestial meridian near the 
southern horizon during evening twilight in April, and during morning twilight in 
November. Dec. 48°S, SHA 223°, mag. 2.2. Figs. 2206, 2207. 

Vega is the brightest star north of the celestial equator, and the third brightest in 
tha entire sk: . It is at the western vertex and the nearly right angle of a large triangle 
which is a censpicuous feature of the evening sky m late summer and in autumn. 
The other two stars of the triangle are Altair and Deneb, both of the first magnitude. 
Vega passes through the zenith approximately at latitude 38°45’N during evening 
twilight in September and during morning twilight in April. Dec. 39°N, SHA 81°, 
mag. 0.1. Fig. 2208. 

Zubenelgerubi, a third magnitude star, is the southern (or western) basket of 
Libra, the balance. The boxiike Libra is about 25° WNW of Antares, in Scorpio, the 
scorpion. A lony line extendir.g eastward from Alphard, between Gienah and Spica, leads 
to Zubenelgenubi. Dec. 16°S, SHA 138°, mag. 2.9. Figs. 2207, 2208. 
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APPENDIX J 
: NAVIGATIONAL STARS AND THE PLANETS 




































i i 
P Name Pronunciation i Bayer name | ‘orga Meaning of name fae 
: Acamar akd-mir é@ Eridant Arabic j{ another form of Achernar 120 
Achernar Mker-njr a Eridant Arabic [ end of the river (Eridanus) 72 
: Acrux a’kraks a Crucis Modern | coined from Bayer name 220 
Adhara é di’rd i Canis Majoris Arabic | the virgin(s) 350 
Aldebaran A abe ran io Tauri Arabic {| follower (of the Pleiades) a“ 
Alloth BML ¢ Ursa Mujoris Arabic {| another formi of Capella 49 
Alkaid kee [| 9 Ursa Majoris Arabic j leader of the daughters of the bier 190 
Al Na‘ir nar? a Gruis Arabic {| bright one (of the fish's tall) 90 
s Alnitlam Al’nt-lam « Orionis Arable | string of pearls 410 
Alphard al'fard a@ Hydree Arabic j solitary star of the serpent 200 
ie x Alphecca Al fek’d a@ Corona Borealis Arable {| feeble one (in the erown) 76 
Alpheratz &l-fa’rats a Andremeda Arabic | the horse’s navel 120 
Altair &l t&r’ a@ Aquilae Aralic | flying eagloc or vulture 16 
Ankaa gn’ka a Phoenicis Arabic j coined n 93 
Antares »ta’rdz @ Scorpil Greek | rival ot Mars (in color) 250 
Arcturus rk-ti’rds i @ Bootis Greek the bear's guard 37 
ee Atria trl @ Triangull Australis} Modern | coined from Bayer name 130 
Avior 'vi-6e « Carinse Modern | coined name 350 
5 . Bellatrix bé-lB'triks. + Orionis Latin female warz'or 250 
Betelgeuse bee el jaz @ Orlonis Arabic | the stm pit (of Orion) 300 
Canopus kd no"pas a Caringe Greek et: “anvien} Egypt 20 
: Capella kd pel’a @ Aurigue Latin leew, goat 48 
: Dened dén’tb a Cygni Arable , ~ Aw a 600 
Denebcia dé&ndb’d-1¢ 8 Leonis Arable fcc nz. ioi 42 
Diphda air" | B Ceti [Arabs [t. scgund frog (Fomathaut was once | 57 
tite 
Dubhe dab’s ] @ Ursa Majoris Atsolc | the bear's Lack 100 - 
Elnath é/nith | 8 Taur' Aralic [ one atte with horns 130 
Eltanin él ta’nin Y Draconis Aratic | head of the dragon 180 
nit én’ | « Pegas' Arule | nose of the horse 230 | 
z Fomalhsut {6'mal-ét ia Piscls: Austrint Arable {| mouth of the southern fish i 
= acrux A’krdks 2 Gru cls Modern | coined from Bayer name 72 i 
z Gienah feng ‘orvi Arable right wing of the raven 136 | 
€ adar a'diir A Sees Modern | leg of the centaur 200 
Hamal him’é) a Arietis Arabic | full-grown lamb 76 
5 Kaus Australis | kés és-tr8'lis  Sagittaril Ar., L. | southern part of the bow 163 
= Kochab ké‘kab 8 Use Minorls Arabic | shortened for of “north star" (named {| = 100 
i when it was that, c. 1500 BC-AD 300) 
Markab "kab @ Perasi Arabic | saddle (of Pegasus) 100 
Menkar ae a Ceti Arabic | nose (of the whale) 1,100 
Menkent mén’ ¢ Centaurl Modern | shoulder of the centaur 55 
ap pecens mig ps dis # Carinae nr. Le ulet or still pater 
Mirfak mir’fi a Persei Arabic | elbow of the Pleisdes 130 
. g Nunkl nin’ké eo Sagittaril Bab. constellation of the holy city (Eridu) 180 
i Peacock pe’kok a Pavonis Modern pole pon English name of con- 250 
stellation 
} Polaris pé la‘ris @ Ursa Minoris Latin | the pole (star) 450 
: Pollux pol’aks 8 Geminorum Latin Zeus’ ray ene son (Castor, a Gemi- 3 
norum, is first 
Procyon prd‘sl-dn a Canis Minoris Greek ee the Jos ‘eising before the dog N 
faa Rasalhague ras’él: Beene a@ Ophluch’ Arabic | head of the serpent charmer 67 
7 Rerulas "ae a Leonis Latin the prince 67 
8 Orlonis Arabic foot Tete f foot of Orion) &0 
Ril Kentaurus rit kén-t6'rds a Centauri Arabic | foot of the centaur 4.3 
Sabik sa'bik } 2 Ophiuchi Arabic | second winner or conqueror 69 
Schedar shéd’ér e pemepene Arabic {| the breast (of Cassiopeia) 360 
Shaula shold ourplt Arabic | cocked-up part of the e scorpion’s tail 200 
Sirlus sir't-ds a se is Majoris Greek | the vg ing one (popularly, the dog 8.6 
Spica spi’kd a Virginis Latin the ear of corn 1§5 
Suhall 806 hal’ a Velerum Arable | shortened form of Al Suhail, one 200 
~ Arabic name for Canopus 
aor vé'gd a Lyme Arable | the falling eagle or vulture 7 
Zubenelgenubl | 205 bén’élJé-nd’bd i a@ Librae Arabic | Southern claw e the scorpion) 6 


PLANETS 


2: Name Pronunciation Origin of name Meaning of name 


5 Mercury mor'ké-ri Latin god of commerce and gain 
7 Venus vé'nis Latin goddess of love 
* - _ Earth arth Mid. Eng. 
= Mars mfr Latin god of war 
a Jupiter 100'pi-tér Latin me ie on identified with the Greek Zeus, chief of the 
moplan 
Saturn s8t'éen Latin god of seed-cow ing 
Uranus O'rd nis Greek the Peete of heaven 
Nepiune nép’tén latin, god of t 
Pluto i ploo'td Greek god of the lower world (Hades) 


Guide to pikaadabe. 
a oe ate finkl, last. Abound, arm; b&, énd, camél, readér; Ice, bit, anlaual, Sver, péetic, hdt, lard, msn; tabe, Anite, t&b 
cir rn 
*Distances in light-years. One light-year a approximately 63,300 AU, or 5,880,000,000,000 miles. Authorities differ on dis 
tances cf! the stars, the values given are representative 
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APPENDIX K 


CONSTELLATIONS 


Pronunciation Meaning 








Nate Pronunelation Genitive 
Andromeda* Androm* ddd Andromedae ansdrom‘é.dé 
i 
Anula i Ant‘lia j Antlize ant'lnés 
Apus | B'pas | Apodis p's dis 
Aquarius (#)° | d-kwar'i-ds | Aquarii | akwar'hi 
Aquila® y ak’wlle ak’whlé 
Ara* i a'rd | ard 
Atics (T)* to atrlaéz j Arletis da ri'é-tls 
Auriga® | Gri’gd i Aurigae bri'je 
Bootes® } bb-o'tez i Bootis | bd d'tls 
Caclum * slam  Cacli 1 sé 
Camelopardalis | kd-ma’é piir’dé-lis | -Camelopardalis | ka may’d.parrdaulls 
Cancer (@)* | kin'sér ; Caneri | kAng’kri 
Canes Venatici + kA‘néz vé-nat‘bsi , Canum aa) ka’ndm vé.nat’t 
j corum kO‘rdm 
Canis Major* =, kS‘nis ma’Jér : Canis Majoris k&'nls mA.jo'ris 
Canis Minor® * k&/nis mf’nér = Canis Minoris | ka'nls mi-né‘ris 
Capricornus (3)! kap'rikdr‘nds —; Capricorni | kAp’ri-kér'ni 
Carina** ; kdrind | Carinae j Karine 
Cassiopela* ' kis'hd palyd ' Casslopeiae i kAs'Ld-po/yé 
j i i 

Centaurus* | stn-té'rds i Centauri | sén-to'rt 
Cepheus* | sé'fits j Cephet | sete 
Cetus* i sé'tds Ceti sé't 
Chamacleon | ké-mé'Ié-an TE Chamacteontis | ké-mert-on’tis 
Circinus sdr’st nds Cireini ! sor'st-nt 
Columba kd-Jam’bd Columbae ké-ldm’bs 
Coma Berentces | kd’mé bir-8ni’séz ; Comac Berenices | k6’méd ber’ ni’sde 
Corona ké-rd'nd ds-tri'ils 1 Coronac Australis | é-r8'né ds.tra’lis 

Australis® i 
Corona ké rd'nd bo'ré-A" | Coronae Borealis | ké-rd'nd bo'réa’ 

Borealls* Is | lis 
Corvus* kér’viis ; Corvi kér'vi 
Crater* kra’tér | Crateris krd-ta’rls 
Crux kraks ' Crucis | kr00‘sts 
Cyenus* sig'nts 1 Cygnt { sig’nt 
Delphinus® delfinds | Delphini { débfi'nt 
Dorado db-ri'dd | Doradus { dé ri‘dis 
Draco* dra'ka | Draconis | dred kd'nls 
Equuleus* é-kwao'ld tis | Equulei | dkwoSle 
Eridanus*® é-rld’é-nis ; Eridani &rid’é-ni 
Forhax for’niks i Fornacis | for-na'sis 
Gemini (I1)* Jom‘ Eni 1 Geminorum Rin‘'bnd‘rém 
Grus gras ! Gruis { erdo'is 
Hercules® hir’kd-léz { Herculis har'kd-lis 
Horologium hor’é-157jbam Horologii hdr'S184hT 


Zodiacal constellations are given In bold type, with their symbols. 
*One of the oririnal constellations of Ptolemy. 
**Part of the single constellation Argo Navis of Ptolemy. 


saan tinnnenns nie ene ot en 


Andromeda [the 
chained womanlt 

(ait) pumptt 

bird of paradise 

Water carrier 

eagle 

altar 

ram 

charioteer 

herdsman 

graving tool 

giraffe 

erab 

hunting dogs 


larger dog 
smaller dog 
horned goat 
keel 


Cassiopela (the lady 
in the chalr)t 
centaur: 


Cepheus [the shep- 
herd}t 

whale 

chameleon 

pair of compasses 

dove 

Berenice’s hair 

southern crown 


northern crown 


crow 

cup 

cross 

swan 

dolphin 

dorado [a fishjt 

dragon 

colt 

Eridanus [s river}t 

furnace 

ewins 

crane [a bird]t 

Hercules [mytlio- 
logical herolt 

clock 


Parts within brackets are amplifications of the meanings cf constellation names, 
ttParts within parentheses are the incenings of words deleted from former, more complete constcilation names 


Guide to pronunciations: 


Navigational stirs or 
approximate position 


“aN 


Alpheratz 


38s, A 210° 
d 75°S, otf A 120° 
d8°S, SHA'25° | 
Altar ~~ . 
d 55°S, SHA 100° 
Hamal 

Capelia 
Arcturus , 
d 40°s, SHA 200° 
a 70°N, SHA 275° 
d 20°N, SITA 230° 
d40°N, SHA 168° 


Adhara, Sirlus 

Procyon 

d 20°S, SHA 48° 

Avior, Canopus, 
Miaplacidus 

Schedar 


Hadar, Menkent; Ri- 
gil Kentaurus ~ 
d 75°N, SHAIS® 


Diphda, Menkar 
d80°S, SHA 200% 
d65°S, SHA 140° 
35°S, SHA 275% 
d 25°N, SHA 370° 
d 40°S, BELA 80° 


Alphecca 


Gienah 
d 15°, SHA 1902 
Acrus, Gacrux 
Deneb 

d 15°N, SHA 50° 
4 60°S, SHA 235° 
Eltanin 

d 10°N, SHA 40% 
Acama,, Achernar 
d30°S, SHA 3202 
Pollux 

Al Na‘ir 

a 30°N, SHA 100° 


d 50°S, SHA 310° 


fate, cdre, hit, find!, abound, sofa, Srm} bs, créate, dnd, readér; foc, bit: Sver, pSetic, hdt, cOnacet, lord, man; tobe, Anite, 


tab, cireds, arn, 
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Hydra® 
Hydrus 
Indus 
Lacerta 

Leo (2)* 
Leo Minor 
Lepus* 
Libra (=)* 
Lupus* 
Lynx 

Lyra* 
Mensa 
Microscopium 
Monoceres 
Musca 
Norra 
Octans 
Ophiuchus* 
Orion* 


LU YAMA mom mt ete HUHNE 


Pavo 
Pegasus* 


Perseus® 
Phoenix 


Pictor 
Places (X)* 


Puppis** 
Pyxis** 
Reticulum 
Sagitta® 
Sagittarius (7)* 


Scorpius (1)* 
Sculptor 


Scutum 

Serpens*® 

Sextans 

i Taurus (1)* 

Telescopium 

Triangulum* 

Triangulum 
Australe 

Tucana 

Ursa Major* 


cenecreaeses tennessee mS BME MAINE Mak, SEN MPR I EL 


Ursa Minor’ 
Vela** 

Virgo (x)° 
Volans 
Vulpecula 


hi’drd 
hi’drés 
In’das 
i id-sfir'td 
{ies 
10'S mYnér 
le’ pts 
li’bré 
ld’pés 
Ingks 
li'ré 
mén’sé 
mi’krd-sko’plim 
mé-nés‘ér-6s 
mis’k¢ 
nor’mé 
ok’tdng 
Of’! kis 
b-r1'bn 


pa’vd 
pég’d-sits 


par’sis 
fé'niks 


plk’tér 
pis'é 


Piscis Austrinus® | pls’is és-tri’niis 


pip'ts 
pik’sls 
ré-tk/G-lam 
sd.jit’d 
s8j'l th/rl-as 


skér’pl-ds 
skilp‘tér 


ski’tim 

sdr’pénz 

séks‘ténz 

to'rds 

tee sk6/pl-dim 

triding’gd-lém 

tri-ang’gG-lam 
Os tra'lé 

th-ka'nd 

Or’sd mf’ jer 


fir’sd mi/nér 
veld 

vir’go 
vo'lénz 

vill ptk’dld 


APPENDIX K © 


CONSTELLATIONS 


Hydrae 
Hydri 

Indi 
Lacertae 
Leonis 
Leonis Minoris 
Leporis 
Librae 

Lup! 

Lyncts 
Lyrae 
Mensae 
Microscopii 
Monocerotis 
Muscae 
Norinse 
Octantis 
Ophiuchi 
Orionis 


| Pavonis 
! Pegasi 


Perse} 
Phoenicis 


Pictoris 
Pisclum 

Piseis Austrini 
Puppis 
Pyxidis 
Reticuli 
Sagittae 
Sagittarli 


| Scorpil 
| Sculptoris 


Scuti 
Sei pentis 
Sextantis 
Taurl 
Telescoplt 
Trianguli 

| Triangull 

i Austracis 

| Tucanse 

| Ursae Majoris 


| Ursac Minoris 
Velorum 
Virginis 
Volantis 

| Vulpéculse 


sasnnannnninennaninssiimn nnn anmnemmnneamate nen 














enero nansnanseiniansiatttnim sn stn nnanentnet mee tmennnranaate 


hi’dré 

hi'dri 

fo’di 

Id-sair'sé 
183'nIs 

1é-3’nis mi-nd‘rls 
lép'é-ris 

l'bré 

10’pi 

Mn‘sis 

M'ré 

meén’sé 
ml'kré-sk6! pli 
mé-nés’ér-8’tls 
miis’sé 

nér’mé 
6k-tan’tis 
OfTd/ki 
&'tl-d'nls 


pé-vi'nls 
pég’d-si 


par'’sé{ 
{é-ni’sis 


pik-td'ris 
pish’l-aim 
pis'Is és-tri’nt 
pip’is 

pik’si dis 
rth dt 
sé-jit’é 
s8j'lta/rld 


sk6r'pLti 
skilp-td’ris 


ska'ti 
sér-pén'tis 
séks-tin’ts 
to'rl 
telS-skd'pli 
trhdng’ghll 
triang’gd-lt 
6s-tri'lis 
tikang 
Or’sé ma-jo’ris 


Or’sé mi-n6’rls 
véleram 
var’jf nis ~ 

vé lin'tls 
vial-pek'h-8 


Zodiacal constellations are given in bold type, with their syrabols. 
*Onc of the orixinal constellations of Ptolemy. 
**Part of the single constellation Argo Navis of Ptolemy. 
pe within brackeis are amplifications of the meanin; 
t{Parts within parentheses are the meanings of words deleted from former, moie complete constellation names. 
Guide io pronunciations: 
fate, cdre, hat, find), dbound, sofa, arm; b3, créate, End, readér: fee, bit; Sver, péetic. St, connect. lord, mosn; tobe, dnite, 
tab, dircés, Grn, 





oa ten er enter 


of constellation names. 


eae ee ee i 


water monster 
water snake 
Indian 

lizard 

lion 

smaller lion 
hare 

balance {scales}t 
wolf 

lynx 

lyre 


table (mountain) tf 


microscope 
unlcorn 


fly 
square (and rule) tf 


octant 
serpent holder 


Orlon [the bunter]f 


peacock 
Pegasus [winged 
horse}t 


Perseus [mytholog- 


ical character] 


phoenix [the fm- 


mortal bird}t 


rarater (easel of) tf i 


fishes 
southern fish 
stern [of ship}t 


mariners compass 


net 
arrow 
archer 


scorpion 


sculptor (workshop 


ontt 
shield 
serpent 
sextant 
bull 
telescope 
triangle 
sotiuern triangle 


tuncan (a bird}t 
larger bear 


smaller bear 
sails 

virgin 

fying (fish)1i 
little fox 


Navigational stars or 
approximate position 



































































Alphard 

a 70°S, SHA 320° 
d 60°S, SHA 35° 
d 45°N, SHA 25° 
Denebola, Regulus 
d 35°N, SHA 208° 
d 20°S, SHA 275° 
Zubenelgenubi 

d 45°S, SHA 130° 
d SON, SHA 240° 
Vega 

4 75°S, SHA 275° 
d 35°S, SHA 45° 


d0°, SHA 255° 
d70°S, SHA 175° 


d &°5, SHA 120° 

d 85°S, SHA 40° 

Rasalhague, Sabik 

Alnilam, Bellatrix, 
Betelgcuse, Rigel 

Peacock 

Enif, Markab 


Mirfak 


Ankaa 


d 55°S, SHA 275° 


2 15°N, SHA 358° 

Fomalhaut 

d 30°S, SHA 245° 

d 25°S, SHA 230° 

d 60°S, SHA 300° 

d 20°N, SHA 65° 

Kaus Australis, 
Nunki 

Antares, Shauls 

4 30°S, SHA 355° 


d10°S, SHA 80° 
d10°N, SHA 125° 
0°, SHA 205° 
Aldebaran, Elnath 
d 56°S, SHA 75° 
d30°N, SHA 330° 
Atria 


@ 65°S, SHA 5 

Alioth, Alkaid, 
Dubhe 

Kochab, Polaris 

Suhail 

Spica 

d 70°S, SHA 249° 

d 25°N, SHA &° 































































































































































































































































































































































































































































































































































































































































































APPENDIX L 
EXTRACTS FROM TIDE TABLES 


MEM YORK (THE BATTERY), H.Y., 1975 


TIMES AND HEIGHTS OF HIGH AND LOW WATERS 


JANUARY FEBRUARY 


HT. 
FT, 


= 
_ 
. 


HY, 
DAY DAY 


”" 

a 
. 
” 
4 
. 


16 
TH 


De ee 


16 
su 


« 
Ono 
eee 

MT 


SWS WOWS WORe 


eere 
. 


WOM array 


7 
tt 


DWVo #0W9 
RO OOS 


nee 
N 
onan 
case 
eeee 


18 
TY 


a 8 

wee 

NN NDYON B2BNwWD 
‘ ‘ 

ee 

esse 

eete 


OU “2OL%O OVD BOLO 


. 

wee 

oe 

woe 

ene ® 

= ee 

AM WN NO &OOet 


On CWO DHaoe 


‘ 
vee 
eee 
eens 

aU BOWL WORM One 


Qucs 
vere 


BOF VUNY NVUNW UG HAWG 


1 
rece 
were 

1 
were 
fees 
ween 
eee 


oe OWOW SWOW OWOW 


WO CWOk OUSOs CWO BUds 


. 
NN & DUMwWW OUDW DH HABBIN were 
S2Oe CWOe DUG CWDHe BDWDs AGw5s 


eee 


PND SWS BVO Wan 


wees 
1 
oe ee 
PND WOU MUNN BWUIe NAN UNO 
cece 
eves 


oe 
were : 
RR WYWH VWANW VHRR WORM BWM AHHH 
Sees 
* 
eee e 
a 
eee 
ones 
+ 
esse 


Oe CHOR CWOH CUD» 


Sf #280 £529 woasd 


. 

a 

e 
RO CHVOe CWO SCWOHe Ow 
eee 

. 


4 
5 
4 
n 
4 
9 
4 
5 
4 
9 
4 
0 
4 
- 
3 
6 
4 
0 
3 
5 
4 
0 
3 
f 
4 
0 
3 


mth SOON Wwoaner 
* 


ose 
4 
wes 


sees 
DDO WHA Seewts 
aeee 
. 
eeee 


Oe OWO SWI, Su 


1 
+ 
4 

‘ 


« 


1 ' 
woh WORD WOe>D> WOkD WIeD WDeD 
eres 
ace 

, 
ene e 

‘ 
see 

. 

+ 
aces 


4 
o 

ao 
4 


t 
oer. 
* 
see 
1 
: 
seae 
* 
sees 





t 
sees 
a 
cee 
1 
Yim ee Ue Ue arin 
seee 
4 
aeee 
% 
aaee 


« 
‘i 
« 
1 
4 


DAUM GHOM GHOS OUNGe 
Www hie behW NNBO DON 


wees 


oe 


D2 ~NeN BWW NUN NAH NW OWAN WwW 


OWS BORD 2080 BORO & 


s 
POR VOLO NO USN Nee Nee WOM 


‘ 
wees 

Amiens OUnUnin 
' 
eee se 
‘ 
4 
eee 


aeons 


4 
eee 
« 
‘ 
oe ee 
1 
ORD BORD £2080 £020 £20820 #020 
seae 
mG NGG Ue NN RN HO RO 
1 
eeee 


‘ 
4 


VINO UNO WWON Ve SUN RENO NWO 


TIME MERIDIAN 75° W. O0GG I$ MIDNIGHT, 1200 IS KOO. 
HEIGHTS ARE RECKONED FROM THE DATUN OF SOUNDINGS ON CHARTS OF TRE LOCALITY WHICH IS MEAN LOW WATER. 
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1513 
1515 
1517 
1519 


1521 
1523 
1525 
1527 


1529 
1531 
1533 
1535 
1537 


ee 


1539 
1541 
1543 
1545 
1547 


1549 
1651 
1553 
1555 
1557 
1559 


1561 
1563 
1565 
1567 
1569 


ow coum 0 MUR | AMR PUME Pea MPMI 8 


1571 
1573 
1575 
1577 


1579 
1581 
1583 
1585 


1586 
1587 
1588 
1689 





1591 
1893 
1595 
1597 
1599 
- ; "4601 


" ; i " m 


ee % 


il 









































ee ) 


APPENDIX L: EXTRACTS FROM TIDE TABLES 


TARE 2.—TIAL DIFFERENCES AND OTHER CONSTANTS 


clo Fee 
woter wore 


MEW YORK and WEW JERSLY —~ Continued 
Hudson River 


Time meridian, 75°. 


— 
= 
. 


















































Jersey City, Pa. RR. Ferry, N. Je 8 
New York, Desbrosses Stragt=~———--n= 43 
New York, Chelsea Docks—-—eenenenene= |. 45 
Hotoken, Castie Point, N. Jewewne-m— | 40 45 
Weehawken, Days Point, N. dmwesnme=me | 40 46 
New York, Union Stock Yards 40 47 
New York, 130th Street 40 49 
George Washingtan Bridge 40 51 
Spuyten Duyvil, West of RR. bridge== | 40 53 
Yonkers: - 40 56 
Dobbs Ferry: wenn 14) 0] 
Tarrytown 41 05 
Ossining o-- |41 10 
Haverstraw wmamnewnnnn | 41 12 
Peekskill 41 17 
West Point wmmememee | Al 24 
Newburghm---n-aanneewemcennennnnee | 41 30 
New Hamburg wowmmmawens | 4) 35 
Poughkeeps | greene nee nnnmeennn | Al 42 
Hyde Park a 47 
Kingston Point 41 56 
Tivoli 42 04 
Catskill 4213 
Hudson 4215 
Coxsack | @-mnnnnnanneneneennnnnenenn= 142 21 
New Balt lmores~---=-90+---nennennnn= [42 27 
Cast leton-on-Hidsonm--s-9n-----neen= 142 32 
ALBANY «----nnnnnenenneweennnnnenmnn= | 42 39 
Troy ann nn nn nn an en enna nenennnnnnnnn 42 44 


The Kills and Newark Bay 


tll Van Kull 











Constable Hook 40 39 
New Brighton 40 39 
Port Richmonde-+ea-—nannuemnnne | 40 38 
Bergen Point 40 39 
Shooters [slandqerwmnemawnnmmmnnmnm 140 359 
Port Newark Terminal ------c-----9-%= | 40 41 














Newark, Passaic River 40 44 
Passaic, Gregory Ave. bridges=-----— | 40 51 
Hackensack River 
Kearny Point-----<+- wnee= | 40 44 
Secaucus wna [40 48 
Little Ferry—~—--~----—-w---+-- [40 51 
Hackensack wee 140 53 
Arthur tll 
El [zabethport------~-- wane nnennn 40 39 
Chel $@8------e0 nn nn nnn nnn nn~ 40 36 
Carteret~---------<---2----20---- [40 35 
Rossv1 | le-----aeana- mene nene--- [40 33 
Tottenv! | le---2nennennnnn----20+ 140 31 
Perth Amboy=-90+-------eeee----- 40 30 


74 05 
74 05 
74 08 
74 08 


74 10 
74 08 
7410 
74 OT 


74 06 
74 04 
14 02 
74 02 


mau 
74:12 
7413 
T4313 
74:15 
74 16 





Am) Am 
on NEW YORK, 9.56, 
+0 07| 40 07) -0.2] 0.0 
#0 10] 40 10} -0.1]- 0.0 
+0 17] 40:16] =0.2| 0.0 
#0 17] 40 16} -0.2] 0.0) 
+0 24] 40 23} -0.3| 0.0 
40 27] 40 26] +0.3] 0.0 
+0 37] 40 35] =0.5; 0.0 
40 46| 40 43] -0.6] 0.0) 
+O 58] 40 53] -0.7] 0.0 
+1 09] 41:10] -0.8] 6.0 
+1 29] 41 40] -1.1] 0.0 
#1 45] 41:54] -1.3] 0.0 
41°53) 42:14] -1.4/ 0.0 
41 59] 42 25} -1.6] 0.0 
42 241] 43 00] +1.3] 40.3 
43:16 | 43 37] -1.5] 40.3 
43 42] +4 00] -1.5] 10.2 
+4 OO] 44 25} -1.5] 40.1 
+4 30] 44 431 -1.3] 40.1) 
+4 56/45 09] -1.3] 0.0 
45 16] 46 31} +<0.9) -0.1 
45 46] 46 OL] -0.8] 0.2 
+6 37] 46 55] -0.7[ 0.3: 
+6 54] 47 091 -0.91 -0,4 
on ALBANY, p.60 

-1 01] -1 38| -0,5] 40.2 
-O0 34} -O 56] -0.1) 40.4 
-0 17] -0 29] -0,2| 40,1 


Daily predictions 
eee 10 eo 0.0 


on NEW YORK, p.56 


0 34) -0 2 
O12; 4 18 
~O0 03] 40 05 
+0 03] 40 03 
#0 06/ 40 18 
-O0 01; +0 18 
+0 22 | 40 52 
+0 49] 41 57 
+0 09} 40 33 
41:13 | 41:09 
41 22/41 14 
+1 33.141 «58 
a 
+0 25 | 40 39 
40 24 | 40 35 
40 23} 40 31 
40 17 | 40 25 
+0 03 “0 23| 
40 13 140 19 
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TABLE 3.—HEIGHT OF TIDE AT -ANY. TIME 
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APPENDIX M 
‘EXTRACTS FROM TIDAL CURRENT TABLES 


THE NARROWS, KEW YORK HARBOR, H.Y., 1975 
FeFLOOD, DIR, 340° TRUE E-ERB, DIR. 160% TRUE 


SARUARY . FEBRUARY 


SLACK -HAXINUH SLACK —- MAXTHUM SLACK MAXIMUM SLACK’ - MAXIMUM 
WATER _ CURRENT WATER. _ CURRENT WATER © CURREHT WATER © _ CURRENT 
- TIME TIME VEL. TINE YIME VEL. TIME TIME YEL. TIME TIME VEL. 
DAY DAY : DAY 
"WAM. 2 HLM. KAOTS HWM. RNOTS HM, HIM. KNOTS “ at. HAM. RROTS 


0254 8 2.4E 9310 1.8E Ol) 6042000 2. 16 0058 60404) =«=21.8E 
0617 0857 = 2.2F 0907 «1.6F 1027 075) «1012 14F 
1211,0«1526 0 2.5E 31$322.0E 1643 1307.) «1015 = 1.8E 
1901 «21320 2. 0F 21390 «1 SF _ 2258 1958 = 2236 


0037) (9345 9351 «1.7E 0517 0144 =. 0461 
0716 ©0952 0954 «=1.5F 24 0846 =—-1100 
1302 (1614 1611 1738 1350-1656 
1954 = 2227 2224 2355 2566 9 2325 


0132 «0440 0437 0621 - 0233 0547 
og19 =—-1049 1043 1222 09441151 
1352 «1708 1654 1839 1439 = 1800 
2050 2321 2309 2138 


0230 0542 0530 onss 
1147 1130 0727 

1807 1745 1331 

2358 1443 
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APPENDIX M: EXTRACTS FROM TIDAL CURRENT TABLES 





TABLE 2.—CURRENT DIFFERENCES AND OTHER CONSTANTS 


Aver- | Direc: | Aver 


ogs | tion | oge 
veloc- | (true) | veloc> 
ity 


LONG ISLAND, Sowth Coast—Continued | ¥. 


Shinnecock Inlet----——-<------ 40 51 

fre 1, Inlet, 0.5 mi. S. of Oak Beach} 40 38 

Jones Inlet wan l40 35 
Long Beach, Inside, between bridges---|40 36 
East Rockaway Inlet------------------= 40 35 1:35 
Ambrose Light----“---sesenennennnneren [40 27 See table 5. 
Sandy Hook App. Lighted Horn Buoy 2A--|40 27 See table 5. 


JAMAICA BAY 


Rockaway Inlet monn (40 34 -1 45] -2 15 
Barren Island, east of- 40 35 “2 00] -2 25 
Canarsie (midchannel, off Pler)——-~-/40 38 -1 35} -1 50 
Beach Channel (bridge) 40 35 -1 20| -1 20 
Grass Hassock Channel 40 37 -1 10] -1 00 


soaenine se88 te sen 


SShan 


MEW YORK HARBOR ENTRANCE 


Ambrose Channel entrance: 40 30 -1 10] -1 05 
Ambrose Channel, SE. of West Bank Lt-«| 40 32 @) | <0 25) 

Coney Island Lt., 1.6 miles SSW. of---/ 40 33 010) (7) 
Ambrose Channel, north end 40 34 +0 05] 40 15) 0.8 
Coney Island, 0.2 mile west of 40 35 ~0 55} -0 55) 0.9 
Ft. Lafayette, channel east of 40 36 @) @) 0.6 
THE NARROWS, midchannel 140 37 Dally predictions 


RTRs 


oa 
BE 
°S 


S€88s 


WEW YORK HARBOR, Upper Bay 


Tompk insvi 1 lessee nnn nnn 40 38 
Bay Ridge Channel 40 39 
Red Hook Channel <-—-n--——--——-—--——~- | 40 40 
Robbins Reef Light, east ofe--------—| 40 39 
Red Hook, 1 mile west of 40 41 
Statue of Liberty, oast of 40 42 


a 
haba 


WUDSOM RIVER, Midchannet* 


The Battery, northwest of 40 

2380] Desbrosses Street anne | £0 
2385] Chelsea Docks: won—| 40 
2390| Forty-second Street: 40 
40 


.« 
. ea 
a wauouuw 


4 


fn Nf 


43 
“5 
45 
46 
48 


. 


od otal ahs 
AIT 


Ninety-sixth Street——- 40 


* 


2400| Grants Tomb, 1230 Street 49 
2405 | George Washington Bridge------—-——-— 40 51 

Spuyten Duyvi! 40 53 
2415] Riverdale--—— wn 40 54 
2420| Dobbs Ferry---—————-- | $2. OL 
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2425 | Tarrytown——----=—---—————------ | 41 05 
2430 | Ossining———an nnn 41 10 
2435) Haverstraw ——---} 41 12 
PAMO| Peeksk Ll l---a————-——- nnn | 42 217 
2445| Bear Mountaln Bridgew---————aen nnn 41:19 
2450! Hightand Fal ls-————---—----—--+, 42. 22 
2455 | West Point, off Duck Istand 4. 2% 
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iCurrent is rotary, turning clockwise. Minimum curront of 0.9 knot sets SW. about time of "Slack, 
flood begins" at The Narrows. Minimum current of €.5 knot sets NE. about 2 hour before "Slack, ebb 
begins" at The Narrows. 

3Meximun flood, -O* 508; maximum ebb, +0* 55". 

3Flood begins, “24 1$e; maximum flood, =O* 058: ebb begins, 40* 050; maximum ebb, ~1* SO, 

‘The values for the Hudson River are for the summer months, when the fresh-water discharge is 8 
minimum. 
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EXTRACTS FROM TIDAL’ CURREXT TABLES 


* 
* 


APPENDIX M 


TABLE 3.—VELOCITY OF CURRENT AT ANY TIME 


Tasty A 


Interval beteveen slack and mazimum current 
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Interval between slack and maximum current 
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Use Table A for sll 
Use Table B for Ca 


e and velocity of maximum current 
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the other after the time for which the velocity 
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3. Find the interval of time between the above 
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APPENDIX -M: EXTRACTS FROM TIDAL CURRENT TABLES 
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1188 APPENDIX N : EXTRACTS FROM PUB. NO. 214 
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6. 
8 F 26 23.5 1,006 17: 
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ia oo 4 169, 


Bit. 
0] 26 30.0 1.002 180. 
0 | 2629.6 1.902 17 
Of 26 28.4 1.003 17 
6] 2341.0 o9 16 1 


2 
AARARAAS aaa HNRKAer Ts 
QAQOmINOD 


8] 26 15.3 1.0.99 176 
7] 2610.1 90:10 17: 
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ALTITUDE CORRECTION FOR D. R. LATITUDE 


LATITUDE DIFFERENCE (minutes of arc) 
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AL correction is minus; Lut for DR latitude less than selected tabulated latitude. the correct 
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If DR latitude is greater than selected tabulated latitude, 


Azimuth angie less than 90°: 
If DR latitude is greater than selected tabulated latitude, 


Azimuth angle greater than 90°: 
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ALTITUDE CORRECTION FOR D. R.  ATITUDE 


LATITUDE DIFFERENCE (minutes of arc) 
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but for DR latitude less than selected tabulated latitude, the correction is minus. 


. 


han selected tabulated Iathude, AL correction is minue; but for DR latitude less than selected tabulated Intitude, the correction is plus. 


han selected tabulated latitude, AL correction is plus 
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TABLE 5.—Correction to Tabulated Alti’ Je for Minutes of Declination 
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APPENDIX Q 
NAVIGATIONAL ERRORS 


Ql. Introduction.—As commonly practiced, navigation is not an exact -science. 
A number of approximations which would be unacceptable in careful scientific work are 
used by the navigator, because greater accuracy may not be consistent with the 
requirements or time available, or because there is no alternative. : 

Thus, when the navigator uses his latitude graduations as a mile scale, or computes 
a great-circle course and distance, he neglects the flattening of the earth at the poles, 
a practice that is not acceptable to the geodetic surveyor. When the navigator plots 
a visual bearing, or an azimuth line for a celestial line of position, on a Mercator-chart, 
he uses a rhumb line to represent a great circle. When he plots the celestial line of 
position, he substitutes a rhumb line for a small circle. When he interpolates in sight 
reduction or lattice tables, he assumes a linear (constant-rate) change between tabulated 
values. When he measures distance by radar, or depth by echo sounder, he assumes 
that the radio- or sound-wave has constant speed under all conditions, When he 
applies dip and refraction corrections to his sextant altitude, he generally assumes 
standard atmospheric conditions. 

These are only a few of the approximations commonly applied by a navigator. 
There are so many that there is a natural tendency for some of them to cancel others. 
Thus, under favorable conditions, a position at sea, determined from celestial observa- 
tion by an experienced observer, should seldom be in error by more than 2 miles. 
However, if the various small errors in a particular observation all have the same sign 
(all plus or all minus), the error might be several times this amount, without any mis- 
take having been made by the navigator. 

Greater accuracy could be attained, but at a price. The navigator is a practical 
individual. In the course of ordinary navigation, he would rather spend 10 niinutes 
determining a position having a probable error of plus or minus 2 miles, than to spend 
several hours learning where he was to an accuracy of a few meters. But if ae can 
determine a recent or present position to greater accuracy, the decrease in error is 
attractive to him. The varions navigational aids have been designed with this in mind. 
Greater accuracy in plotting could be achieved by increasing the scale of the chart or 
plotting sheet. This has been done for confined waters where a higher degree of accuracy 
is needed, but a large-scale plotting sheet would be a nuisance at sea. The hand-held 
marine sextant is not sufficiently accurate for use in determining an astronomical 
position in a geodetic survey. But it is much more satisfactory at sea than the surveyor’s 
astrolabe or theodolite, which require stable platforms if their potential accuracy is to 
be realized. 

An understanding of the kinds of errors involved in navigation, and of the elemen- 
tary principles of probability, should be of assistance to a navigator in interpreting his 
results. 

Q2. Definitions.—The following definitions apply to the discussions of this chapter: 

Error is the difference between a specific value and the correct or standard value. 
As used here, it does not include mistakes, but is related to lack of perfection. Thus, an 
altitude determined by marine sextant is corrected for a standard amount of refraction, 
but if the actual refraction at the time of observation varies from the standard, the 
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value taken from the table is in error by the difference between standard and actual 
refraction. This error will be compounded with others in the observed altitude. Similarly, 
depth determined by echo sounder is in errer, among other things, by the difference 
between the actual speed of sound waves in the water and the speed used for calibration 
of the instrument. The depth will also be in error if an echo is returne 7 from a phantom 
bottom instead of from the actual bottom. This appendix is concerned primarily with 
the deviation from standards. Thus, while variation of the compass is an error when 
referred ta true directions, the difference between the assumed variation and that 
actually *,isting is an error with reference to magnetic direction. Corrections can be 
applied for standard values of error. It is the deviatior from standard, as well as mis- 
takes, that produce inaccurate results in navigation. Various kinds of error are dis- 
cussed in the following articles. 

Mistake is a blunder, such as an incorrect reading of an instrument, the taking 
of a wrong value from a table, or the plotting of a reciprocal bearing. The mistake is 
discussed in more detail in article Q10. 

Standard is something established by custom, agreement, or authority as a basis 
for comparison. It is customary to use nautical miles for measuring distances between 
ports. By international agreement the nautical mile is defined as exactly 1852 meters. 
By authority of various countries which are parties to the agreement, this length is 
translated to the linear units adopted by that country. It is the fact of establishment 
or general acceptance that determines whether a given quantity or condition has become 
a standard of measure or quality. Thus, in 1960, the standard unit of length agreed 
upon at the Eleventh General (International) Conference on Weights and Measures 
to redefine the meter was 1,650,763.73 wavelengths of the orange-red radiation in vac- 
uum of krypton 86 corresponding to the unperturbed transition between the 2p,. and 
5d; levels. Where accepted, this established standard of length now serves as a basis 
for nieasurement of any physical magnitude, as the length of the meridian, rather than 
the reverse, which was originally proposed. Multiples and submultiples of a standard 
are exact. In 1959, the U. S. adopted the exact relationships of 1 yard as equal to 
0.9144 meter and 1 inch as equal to 2.54 centimeters. Hence, 39.37 U. S. inches are 
approximately equal to 1 meter. Because 1 foot equals 12 inches by definition, and the 
international nautical mile has been defined as 1852 meters, the international nautical 
mile is equal to 6,076.11549 U. S. feet (approximately). The previous U. S. foot 
(6,076.10333 . . . feet equals 1 nautical mile) has been redesignated as the U. S. 
survey foot. 

Frequently, a standard is so chosen that it serves as a model which approximates a 
mean or average condition. However, the distinction between the standurd value and 
the actual value at any time should not be forgotten. Thus, a standard atmosphere 
has been established in which the temperature, pressure, density, etc., are precisely 
specified for each altitude. Actual conditions, however. are generally different from 
those defined by the standard atmosphere. Similarly, the values for dip given in the 
almanacs are considered standard by those who use them, but actual dip may be 
appreciably different from that tabulated. 

Accuracy is the degree of conformance with the correct value, while precision 
is the degree of refinement of a value. Thus, an altitude determined by marine sextant 
might be stated to the nearest 0/1, and yet be accurate only to the nearest 1’ if the 
horizon is indistinct. Accuracy and precision are further discussed in article 103 of 
volume II. 

Q3. Systematic errors are those which follow some law by which they can be 
predicted. The accuracy with which a systematic error can be predicted depends 
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upon the accuracy with which the governing law is understood. An error;which can 
be predicted can be eliminated, or compensation can be made for it. 

The simplest form: of systematic error is one of unchanging magnitude and sign. 
This is called a constant-error. Examples are the index error of 4 marine sextant, watch 
error, or the error resulting from a lubber’s line not being accurately aligned with the 
longitudinal axis-of the craft. In each of these cases, all readings are in error by a con- 
stant amount as long as the adjustment remains unchanged, and can be removed by 
applying a correctiun of equal magnitude and opposite sign. Index error and watch 
error can be removed by adjustment of the instrument. Lubber’s line error can be 


removed by aligning the lubber’s line with the longitudinal axis of the craft. ae 


Another type of systematic error results from a nonstandard rate. If a watch is 
gaining 4 seconds per day, its readings will be in error by 1 second after an interval 
of 6 hours, 8 seconds at the end of 2 days, etc. This principle is used in establishing a 
ce! ronometer rate (art. 1815) for determination of chronometer error between com- 
ye isons of the chronometer with time signals. It can be eliminated by adjusting the 
~-.e. If a current is running and no allowance for it is made in the dead reckoning, 
the DR position is in error by an amount proportional to elapsed time. The error 
introduced by maintaining heading by means of an inaccurate compass is proportional 
to distance, as is the lateral error in a line of position plotted from an inaccurate bearing. 

One of the causes of equation of time (art. 1809) is the fact that the ecliptic, around 
which annual motion occurs, is not parallel to the celestial equator, around or parallet 
to which apparent daily motion takes place. The same type systematic error is involved 
in other measurements. Consider the measurement of bearing with a t. ed compass 
card. Bearing is measured by a system of unifuia graduations (degrees) of a circle 
(such as a compass card) in the horizontal plane. If the card is tilted, and its graduations 
are projected onto the horizontal plane, the circle becomes an ellipse with the gradua- 
tions unequally spaced. Along the axis of tilt and a line perpendicular to it, directions 
are correct. But near the axis of tilt the graduations are too close together, and near 
the perpendicular they are too widely spaced. The error thus introduced is similar to 
that which would arise if a watch face were tilted but the motion of the hands remained 
horizontal. If it were tilted around the “3-9” line, it would appear to run slow near the 
hour and half hour, and fast near the quarter and three-quarter hours. If the direction 
to be observed is of an object above or below the horizontal, as the azimuth of a celestial 
body, measurement is made to the foot of the perpendicular through the object. The 
sight vanes of a compass move in a plane perpendicular to the compass card. Hence, if 
the card is tilted, measurement is made to the foot of a perpendicular to the card, 
rather than to the foot of a perpendicular to the horizontal, introducing an error which 
increases with the angle of tilt and also with the angle of elevation (or depression) of 
the object. This error is greatest along the axis of tilt, and zero along the perpendicular 
to it. Both of these tilt errors can be corrected by leveling the compass card. 

A different type of tilt error occurs when a reflection takes place from a tilted 
surface, such as the ionosphere, the error being proportional to the angle of tilt. In 
some respects, this error is similar to coastal refraction of a radio wave. 

Additional examples of systematic error are uncorrected deviation of the compass, 
error due to a position in a pattern of hyperbolas, error due to incorrect location of a 
Loran transmitter, uncorrected parallax, and uncorrected personal error. 

Q4, Random errors «ire chance errors, unpredictable in magnitude or sign. They 
are governed by the laws of probability. If the altitude of a celestial body is observed, 
the reading may be (1) too great, (2) correct, or (3) too small. If a number of observa- 
tions are made, and there is no systematic error, the probability of a positive error is 
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| Error No. of obs. pa of obs. cent of obs. |. 


i —10" 0 0.0 
Bo esgh 1 0.2 
- 8! 2 0.4 | 
—7 4 0.8 
— 6 9 18 | 
— 5! 17 3.4 
~ 4 28 5.6 
— 3 40 5.9 
Pee) | & 
—_ 3 
! 0 | 68 13.2 
| 9 63 12.6 
} +27 | B3 106 | 
+3) | 40 & 0 
+ 4 28 5.6 
+ 5! 17 3.4 
+ 6 9 «| 1.8 
+7 4 0.8 
+ 8’ 2 04 | 
4. 9! 1 02 | 
+10! 0 0.0 | 
0 300 100. 0 








Tasie Q4.—Normal distribution of random 
TOTS. 


exactly equal to the probability of a negative error. This does not mean that every 
second observation having an error will be too great. However, the greater the number 
of observations, the greater is the probability that the percentage of positive errors 
will equal the percentage of negative ones, and that their magnitudes will correspond. 

Suppose that 500 observations are made, with the results shown in table Q4. A 
close approximation of the plot of these errors is shown in figure Q4a. The plot has been 
modified slightly to constitute the normal curve of random errors, which is the same as 
the actual curve except that the normal curve approaches zero as the error increases, 
while the actual curve reaches zero at (+)10’ and (—)10’. The height of the curve at 
any point represents the percentage of observations ‘at can be expected to have the 
error indicated at that point. The probability of any similar observation having any 
given error is the proportion of the number of observations having this error to the total 
number of observations, or the percentage expressed as a decimal. Thus, the probability 
of an observation having an error of (—)3’ is aie =0.08 (8%). 

If the area under the curve represents 100 percent of the observations, half the 
area (the shaded portion of figure Q4a) represents 50 percent of the observations. 
The value of the error at the limits of this shaded portion is often called the “50 percent 
error,” or probable error, meaning that 50 percent of the observations can be expected 
to have less error, and 50 percent greater error. Similarly, the limits which contain 
the central 95 percent of the area denote the 95 percent error. The percentage of error 
is found mathematically. For a normal curve, each error is squared, the sum of the 
squares is divided by one less than the number of observations, and the square root of 
the quotient is determined. This value is called the standard deviation or standard, 
error (a, the Greek letter sigma). In the illustration, the standard deviation is the square 
root of 0X(—)10°-+1X(—)9*+2 x (—)8?-+4X (—)7?+-9 X (—)6%, ete., divided by 499 
or a == ¥8.966=2.99 (about 3), The standard deviation is the 68.27 percent error. 


The probability of the occurrence of en error of or less than a specific magnitude may be 
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approximately determined by the following relationship (with the answers for the illus- 
tration given): 
50% error= %Xo= 2’ (approx.) 
68% error=1 Xe= 3’ (approx.) 
95% error=2 Xc= 6’ (approx.) 
99% error=2%Xo= 8' (approx.) 
99.9% error=3% Xo=10' (approx.) 


Many of the errors of navigation do not follow the normal distribution discussed 
above. Pub. No. 229 vaiues of altitude can be taken only to the nearest 0/1. The error 
in tabular altitude might have any value from (+-) 0/05 to (—) 0/05, and any value 
within these limits is as likely to occur as any other of the same precision. The same 
is true of a sextant that cannot be read more preciscly than 0/1, and of a time-differ- 
ence that cannot be measured more precisely than 1 us. These values refer to the 
single errors indicated, and not to the total error that might be involved. This is a 
rectangular error, so called because of the shape of its plot, as shown in figure Q4b. 
The 100 percent error is half the difference between readings. The 50 percent error is 
half this amount, the 95 percent error is 0.95 times this amount, etc. In some cases 
it may be more meaningful to refer to the rectangular error as the resolution error. 

Still another type random error is encountered in navigation. If a compass is 
fluctuating periodically due to yaw of a ship, its motion slows as the end of a swing 
is approached, when the error approaches maximum value. If readings were taken 
continuously or at equal intervals of time, the interval being a small pévcentage of 
the total period of oscillation, the curve of errors would have a characteristic U-shape, 
as shown in figure Q4c. The same type error is involved in measurement of altitude 
of a celestial body from a wing of the bridge of a heavily rolling vessel, when the roll 
causes large changes in the height of eye. This type of error is called a periodic error. 
The effect is accentuated by the tendency of the observer to make readings near one 
of the extreme values because the instrument appears steadiest at this time. If it is 
impractical to make a reading at the center of the period, the error can be eliminated 
or reduced by averaging readings taken continuously or at short intervals, as indicated 
above. This is the method used in averaging type artificial-horizon sextants. Generally, 
better results can be obtained by taking maximum positive and maximum negative 
readings, and averaging the results. 

The curve of any type of random error is symmetrical about the line representing 
zero error. This means that in the ideal plot every point on one side of the curve is 
exactly matched by one on the other side, or fer every positive error there is a negative 
error of the same magnitude. The average of all readings, considering signs, is zero. 
The larger the number of readings, the greater the probability of the errors fitting 
the ideal curve. Another way of stating this is that as the number of readings increases, 
the error of the average can be expected to decrease. 

Q5. Combinations of errors.—Many of the results obtained in navigation are 
subject to more than one error, Chapter XVI lists 19 errors applicable to sextant 
altitudes. Some of these have several components. A number of possible errors are 
involved in the determination of computed altitude and azimuth. A rectangular error 
is possible in finding the altitude difference. Several additional errors may affect the 
accuracy of plotting. Thus, the line of position as finally plotted may include 30 errors 
or more. Corrections are applied for some of the larger ones, so that in each of these 
cases the applicable error is the difference between the applied correction and the 
actual error. Thus, a dip correction may be applied for a height of eye of 30 feet, while 
the actual height at the moment of observation may be 31 feet 6 inches. Even if the 
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Probability 





Error 


Fiours Q4b.—Rectangular error, with 
50 percent area shaded. | 


PROBABILITY 








+ 
Probability “30 


Fievre Qsa.—Normal curve of 
random error with 50 percent 3 ero: 
of area shaded. Limits of shaded os 0 + 
area indicate probable error. Error 


Fiavre Q4ce.—~Periodic error, with 50 
percent area shaded. 


QUADRANTAL ERROR 


SEMICIRCULAR ERROR 


COMBINED QUADRANTAL ERROR AND SEMICIRCULAR ERROR 
Figure Q5.—Combining systematic errors. 


height of eye is exactly 30 feet, a rectanguia: error may be involved in taking the dip 
correction from the table. 

Corrections which might be random as fer as an individual observation is con- 
cerned may be systematic for a series of observations. Thus, if the average or staudard 
conditions upon which a correction is >ased do not exist at the time of observation 
the value at any given time is as likely to be greater as it is to be less than the standard 
amount. But if a number of observations are taken in quick succession, the error will 
be about the same for each. 

If two or more errors ure applicable to a given result, the total error is equal to 
the algebraic sums of all errors. Thus, if a given number is subject to errors of (+ 4, 


(—) 2, (~) 1, (+) 3, (+) 2, 0, and (—) 2, the total error is (+) 4. Systematic errors 
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can be combined-by adding. the curves of individual errors. Thus, a magnetic compass 
may have a quadyantal error-as shown by the top curve of figure 5, and a semicircular 
error as shown by the second curve. The sum of these two errors is shown in the bottom 
curve. If, in addition, the compass has a constant error, the bottom curve is moved 
vertically upward or downward by the amount of the constant error, without under- 
going a change of form. If the constant error is greater than the maximum value of the 
cxmbined curves, all errors are positive or all are negative, but of varying magnitude. 
If a number of random errors are combined, the result tends to follow a normal 
curve regardless of the shape of the individuai errors, and the greater the number, the 
more nearly the result can be expected to approach the normal curve (fig. Q4a). If 
a given result is subject to errors of plus or minus 3, 2, 1, 2, 4, 2, 1, 8, 1, and 2, the 
total error could be as much 4s 26 if all errors had the same sign. However, if these 
are truly random, the probability of them all having the same sign is only 1 in 1024. 
This is so because the chan-a of any one being positive (or negative) is ¥. That is, 
of a large number of results, approximately half will have any one particular cor- 
rection positive (or negative). By the same reasoning , approximately half of. the posi- 
tive (or negative) results will have any one particular additional correction positive 
(or negative). Thus, the probability of any two particvlar corrections having o positive 
(or negative) sign is peenicaets The probability of all 10 corrections having a 


positive (or negative) sign is (4)©= a 7 - If there were 20 corrections, the probability of 


y os : : aoa s to) 
all having a positive (or negative) sign would be (%) =T048 576 


When both systematic ard random errors are present in a process, both effects 
are present. An increase in the number of readings decreases the residual random error, 
but regardless of the number of readings, a systematic error is present in its entirety. 
Thus, if a number of phase-difference readings are made at a fixed point, the average 
should be a good approximation of the true value if there is no systematic error. But 
if the equipment is out of adjustment to the extent that the lane is incorrectly identified, 
no number of readings will correct this error. In this illustration, a constant error is 
combined with a normal random error. The normal curve has the correct shape, but 
is offset from the zero value. 

Under some conditions, systematic errors can be eliminated from the results even 
when the magnitude is not determined. Thus, if two cciestial bodies differ in azimuth 
by 180°, and the altitude of each is observed, the line midway between the tines of posi- 
tion resulting from these observations is free from any constant error in the altitude 
(such as abnormal refraction or dip, or incorrect IC). It would not be free from such a 
constant error as one :n time (unless the bodies were on the celestial meridian). Simi- 
larly, a fix obtained by obser~ations of three stars differing in azimuth by 120°, or 
four stars differing by 90° is fr2e from constant error in the altitude, if the center of the 
figure made by the lines of position is used. The center of the figure formed by circles 
of position from distances of objects equally spaced in azimuth is free from a constant 
error in range. A constant error in bearing lines does not introduce an error in the 
fix if the objects are equally spaced in azimuth. In all of these examples, the correct 
position is outside the figure formed by the lines of position if all objects observed are 
on the same side of the observer (that is, if they lie within an arc of less than 180°). 

Q6. Navigation accuracy is normally expressed in terms of the probability of being 
within a specified distance of a desired point during the navigation process. 

If the accuracy of only a single line of position is being considered, the specified 
distance may be stated as the standard deviation (art. Q4) or some multiple thereof, 
assuming that the errors of the line of position follow a single-axis normal distribution. 
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The distance as stated for the standard deviation of a line of position is measured from 
the arithmetic mean of the positions which could be established from a large number of 
observations at a given place and time. Therefore, this distance does not indicate the 
sepaiation between the line of position and the observer's actua! position, except by 
chance. If the error is stated as 1c, 68.27 percent of the cases should result in line of 
position displacements from the arithmetic mean in any directiun not exceeding the 
distance specified for 1c. If the error is stated as 2c, 95.45 percent of the lines of posi- 
tion should not be displaced from the arithmetic mean in any direction by more than 

. the distance specified for 20. If the error is stated as the probable error, 50 percent of 
the lines of position should not be displaced from the arithmetic mean in any direction 
by more than the distance specified for 0.6745c. 

; The standard deviation is also employed in developing expressions for the prob- 
: 2 ability of a fix position being within a specified distance of the mean of the positions 
which could be established from a large number of observations at a given place and 

; : time by means of the system used to establish the fix. 
’ : In the fellowing discussion, the fix is established by the intersection of two lines 
of position, each of which may be in error. The lines of position (fig. Q6a) are range 
measurements from two points at the extremities of a baseline of known length. Because 
of inaccuracies in measurement, the actual ranges differ from the measured values and 
may lie somewhere between the limits shown as additional arcs either side of the 
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associated with each are drawn to an expanded scaie in figure QS5b. It can be shown that 
the contours of equal probability density about such an intersection are ellipses with their 
center at the intersection. Thus, the ellipse shown in figure Q6b might be the 75 percent 
probability ellipse, meaning that there are three chances in four that a fix will lie within 
such ellipse centered upon the mean of the positions which would be established from a 
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Figure Q6a.—Fix established at intersection of two lines of position having different values of error. 
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large number-of observations at a given place and time by means of.the system used to 
establish the-fix. : ; 

For simplicity in this discussion of navigation accuracy,.the following assumptions 
are made: 

1. Al! constant errors or bias errors have been removed, leaving only the random 
errors. Thus, the mean or average error is assumed to be zero. 

2. These random errors are assumed to be normally distributed. 

3. The errors associated with the two intersecting lines uf position are assumed to 
be independent. This assumption implies that a change in the error of one line of position 
has no effect upon the other. 

4. The lines of position are assumed to be straight lines in the small area in the 
immediate vicinity of their intersection. This assumption is valid so long as the standard 
deviation is small compared to the radius of curvature cf the line of position. 

5. Errors of position are limited to the two-dimensional case. 

As shown in figure Q6b, the general case of the intersection of two lines of position 
at any angle of cut and with different values of error associated with each line of position 
results in an elliptical error figure. Figure Q6c shows the ellipse simplified to geometrical 
terms. 





Fiaurr QSb.—Expanded view of intersection of two lines of position. 





Fieotre Q6c.—Basic error ellipse. 
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R/o- 
i Fiaure Q6d.—Circular normal distribution. 
1 : 
; One may readily surmise from figure Q6c that the exact shape of the error figure 


varies with the magnitudes of the two one-dimensional input errors, 7, and 2 as well 
as With the angle of cut, a. The angle a is also the angle between the two values of sigma 
because the standard deviations are mutually perpendicular to their corresponding 
lines of position. These variations can be calculated to provide the probability that 
a point is located within a circle of stated radius. When this is done, the error is stated 
in terms more meaningful to the practicing navigator. The basis of this concept may best 
be seen by first considering the special case when the two errors are equal, and the angle 
, of intersection of the lines of position is a right angle. In this case, and in this case alone, 
' the error figure becomes a circle and is described by the circular normal distribution. 
A plot of this special function is given in figure Qéd. In this plot, the horizontal axis 
is measured in terms of R/c, R being the stated radius of the circle and o being the lL. 
measure of error. The error measure is given simply as ¢, for in this circular case 9,02. 
To illustrate, a measurement system gives a circular error figure and has a value of 
o==100 meters; the probability of actualiy being located within a circle of 100 meters 
radius when R/o=1.0 may be read from the vertical axis to be 39.3 percent. To obtain 
the radius of a circle within which a 50 percent probability results, the corresponding 
value of R/c is seen to be 1.18 from the graph. Thus, for this example, the circular 
probable error (CPE or CEP) would be 118 meters. 
a In one method of using error ellipses to obtain the radii of circles of equivalent 
Ps _- probability, new values of o are found along the major and minor axes of the ellipse 
(fig. Q6e) using the following equations: 
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Fiaure Q6e.—Transformation to standard deviations along ellipse axcs. 





mm 


a G; . «ge . 
Then the ratio cat » where g, is the larger of the two new standard deviations, is used 


= 
in entering table Q6a which relates ellipses of varying values of ellipticity to the radii 
i of circles of equivalent probability. 
- ’ For a numerical example to illustrate the method of calculation, assume that the 
a2 F ; angle of cut a is 50°, o; is 15 meters, and ¢2 is 20 meters to determine the probability 
of location within a circle of 30 meters radius. 
For the computation the following numbers are needed: 


oy7=225 
o?=400 


sin? a=0.5868. 





ie ree 





‘i 











a . Substituting in the equations for ¢,? and a,?, oz and a, are calculated as 29.9 meters 
Es and 13.1 meters, respectively. Since the function K multiplied by the larger of the 
EE two standard deviations obtained by the trsnsformation method gives the value of 
: the radius of the circle of the corresponding ‘7alue of probability shown in table Q6a, 
K=1.003. On entering table Q6a with K=1.0 and c=0.44, the probability is found 
to be 62 percent. 
Table Q6b and figure Q6f provide ready information about the sizes of circles of 
specific probability value associated with ellipses of varying eccentricities. 
In another method, fictitious values of sigma of identical value, indicated by o*, 
are assumed to replace the two unequal values originally given (o, and ¢,). A fictitious 
= angle of cut a* is also assumed to replace the angle of cut (a) originelly given (fig. Q6g). 
et, fa The method utilizes a set of probability curves, with a separate curve for each 
ede yee value of angle of cut (fig. Q6h). These curves can be used only when the two error 
measures are equal, hence the need for making the transformation to the fictitious o*. 
The values of c* and «* needed to utilize the probability curves may either be 
determined from figures Q6i and Q6j or by means of the following equations: 


cc 
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e@*=arc sin (sin 28 sin a) 
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Tas Qéa.—_Cireular etror probabilities. Argument c is the ratlo of the xmaller standard deviation to the larger standard devistion. For the 
arguments ¢ and X, the table provides the probabibty that a point lies within a circle whose center is at the ongin and whose radius is K 
times the larger standard devistion. 
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Fraune QOf.— Factors for conversion of probability ellipse to circle of equivalent probability. 
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Fiaure Q6g.—Transformed parameters of error ellipse. 





where 
§8=arc tan (o;/0;3). 
Thus, 
iy 20103 
sin 2p=73 yf 


To use the curve and monogram for obtaining o* and a*, one must first calculate 
the ratio o:/0,. The value o, is always taken as the larger of the two in the ratio so 
that its value is always less than 1.0. With this ratio, enter the curve of figure Q6i 
and obtain the o* factor. Multiply o; by this factor to obtain the fictitious function o*. 
The monogram of figure Q6j is entered with the same ratio to obtain the fictitious 
angle of cut a", 

For a numerical example to illustrate the method of calculation, assume that the 
angle of cut of 50°, o;, is 20 meters, and o; is 15 meters to determine the probability 
of location within a circle of 30 meters radius. 


Calculate the ratio aslo se=0.76. 


Enter the curve of figure Q6i with this ratio and obtain the o* factor (0.845). 
Multiply this factor by ¢, to obtain ¢* equals 16.9 meters. Calculate the ratio 


2 


Rjo* =30/16.9=1.78. 


Enter the nomogram of figure Q6j with the ratio o2/0;, and with the given angle a 
to obtain the fictitious angle of cut a*=47°. 

The values R/o*=1.78 and a*=47° are then used to enter the probability curves 
of figure Q6h to obtain P=0.62 or 62 percent, interpolating between the 40° and 50° 
curves for a*=47°, 

Table Q6c presents the same data as figure Q6h in numerical form. 


Geometrical Error Considerations 
From the information that can be derived using the two methods of transformation 
of elliptical error data, one can develop curves which show for constant values of 


initial error that the size of a circle of fixed value of probability varies as a function of 
the angle of cut of the lines of position. 
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Ficure Q6h.—Probability versus R’o and « for elliptical bivariate distributions with two equal 
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Fietre Q6i.—o* factor versus 02/0; ratio. 


To simplify the investigation of geomeurical factors. it is initially desirable to 
consider the special case of o,=02—¢. Under this special condition, the long equations 
for ¢, and ¢, can be simplified to facilitate computation as follows: 


ea (o;=0) 

2sin5a 

2 
v2 = 
‘ oy== C. (o;=03). 

2cosza 

"a 
as * ‘Taking the ratio of these two values, a simple equation is found for the ratio c. 


Oy 1 
€=—=tan =a. 
Oz 2 
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Fiaure Q6j.--Nomagram to obtain a*, 


Utilizing these simplified equations, significant parametets of error ellipses are 
tabulated in table QGd as a function of the angle of cut a. Using tha CEP curve of 
figure Q6f, values of the CEP are caiculated for each angle, showing that the CEP 

: increases as the angle of cut decreases, The last column in the table gives the factor 
by which the CEP for angles less than 90° is greater than the CEP for a right angle. 
This magnification of error curve is plotted in figure Q6k. The curve for the 90 percent 
probability circle has a slightly differing stape from the CEP curve as shown jn figure 
Q6k. Values for the 90 percent probability circle are given in table Q6e. Figure Q6k 
indicates the magnitude of the growth of error as the angie of cut varies from 90°. 

It is also of interest to consider what values of probability result if the radius of 
the circle is held constant at the minimum value corresponding to that obtained for 
the 90° angle of cut. These values may be obtained from the probability versus angle 
of cut curves in figure Q6h, 

Along the ordinate 2/o=1.177 which corresponds to the CEP for the circuler 
. case, one may read the lesser values of probability corresponding to the various angles 
2 ee of cut. Likewise, one may also obtain the probability values corresponding to holding a 
= . : cirele the size of the 90 percent probability circle for the cireulay case by using the 
ordinate R/o=2.15 (also equivalent to 1.82 times the CEP). These two curves ara 
plotted in figure Q6l and the numerical values are given in table Q6f. It is te be noted 
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i, thet the probability values are not inversely related to the error factors piotted in 
a the preceeding curves. The geometric error factor is a simple trigonometric function; 
=4 the probability curves are exponential functions. = 
Ee = 
=a = 
= 


1 

’ 
\ 
4 


err 








































































































































































































































































































































































































































































































1221 


NAVIGATIONAL ERRORS 


APPENDIX Q 





am is 4 NE 


HUT Asics 


“BUOIPBIADP Pivpucys jenbs 0.49 YIM SUOIBNQysSIp a}BLwAlg [eoAdyTa 10} © pus 0/37 snsIaA APNIQuqoIg—99H ATaV J, 


wowe'e 








. see tee ee se 
QO req 8ee6so SA ens PERE NNE CINNTIECE MOMMA MOMMA Sey GH 





’ 
E 
z 
T 
6 
6 
8 
9 
5 
t 
£ 
z 
1 
0 
6 
Rg 
é 
9 
§ 
* 
t 
& 
1 
a 
o 
e 
Z 
9 
5 
v 
t 
z 
{ 
9 
6 
% 
L 
9 
$ 
? 
ft 
t 
1 
Q 





i 






























































































































































































































































































































































































































































































































































0, 268 
0.176 
0.087 





Taste Q6d.—Significant parameter: of error ellipses when 
oe) =o2. 








‘TaBLE Q6e.—90 percent error factor. 




















ABLE Q6f.—Probability decrease with decreasing angle of cut for a circle of constant radius (o,=¢2). 


ry 










eee mR Hf RNR OMS wee Bow mmcaen cee 
a ¥ art i : 
Fes . hw , sa . 
a m = 1 i 
. F : wo te 
. my ° tel d 
‘ i * 
D : . 
1 dost fa ; 7 
i 


Treg 
th 


cane vas yan 
4 























































































































































































8.0 
oo 
40 
\ 
§ 3.0 \ 
d \ 
“ \ 
; 20 \ “ CIRCLE 
- Ss 
= 0 en, 
1.0 CEP~50% =. 





™ 


° 
0 © 80 BH 4 8 & 70 8H 0 


Pe ote Py 


Re CEP £ 90° 


errors. 


approach to the consideration of the error ellipse. 

















APPENDIX Q: NAVIGATIONAL ERRORS 


180 160 170 
ANGLE OF CUT 


Ficure Q6k.~CEP magnification versus angle of cut. 
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Fictre Q6l.— Decrease in probability for a circle of constant radius versus angle of cut, 
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: Q7. Clarification of terminology.—The following discussion is presented to insure 
that there is no misunderstanding with respect to the use of terms havin; one meaning 
when discussing one-dimensional errors and another when discussing two-dimensional 


Although the basic problem of position location is concerned with the two dimen- 

: sions necessary to describe an area, one-dimensional error measures are commonly 
applied to each of the two dimensions involved. As demonstrated in article Qd, the use 

eS of the one-dimensional standard ceviation of each line of position permitted a general 
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Que-Dimensional Errors 


The terms standard deviation, sigma (c), and root mean square (RMS) error 
have the same meaning in reference to one-dimensional errors. The basic equation 
of the normal (Gaussian) distribution indicates the use of the Greek letter sigma 
from which its use for standard deviation arises: 

(-0)? 
~ 1 "Sot 
f@=-=°¢ — ozo 
oy2u 
where a is the mean of the distribution. ; 

Standard deviation of a measurement system is a property that may be determined 
experimentally. If a large number of measuremenis of the same quantity—a length 
ior example—are made and compared with a standard, the standard deviation is- the 
square root of the sum «! the squares of the deviations from the mean or average value 
divided by oue less than the number of measurements taken. Symbolically this opera- 
tion is represented as: 


ect 


33 (era)? 


n—l 


c= 


The term root-mean-square (RMS) error comes from this latter method of computation. 

Numerically, one sigma corresponds to 68.27 percent of the distribution. That is, 
if a large number of measurements were made of a given quantity, 68.27 percent of 
the errors would be no greater than the value of one standard deviation. Likewise 20 
corresponds te 95.45 percent of the total errors and 3c corresponds to 99.73 percent 
of the total errors. 

The term probable error is identical in concept to standard deviation. The term 
differs from standard deviation in that it refers to the median error; that is, no more 
than half the errors in the measurement sample are greater than the value of the 
probable error. Linear probable error is related to standard deviation by a multiplica- 
tion factor (tab. Q7a). One probable error equals 0.6745 times one standard deviation. 


i 1. 4826 2. 9059 
0. 6745 | 1. 0000 1. 9600 
0. 3441 | 0. 5102 1. 0000 
0. 2248 0. 3338 0. 6533 


TaB_Le Q7a.—Linear error conversion factors. 


The term variance is met most frequently in detailed mathematical discussions. 
The term refers to a square of a standard deviation. It is useful in simplifying the 
algebra of some complex mathematical derivations. 


Two-Dimensional Errors 


‘Terms similar or identical in words to those used for one-dimensional error de- 
scriptions are also used with two-dimensional or bivariate error descriptions. However, 
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in the two-dimensional case, not all of these terms have the same meaning as before; 
considerable care is needed to avoid confusion. 


Standard deviation or sigma has a definable meaning only in the specific case of the 
circular normal distribution where o,=¢,: 





bai 


ee a 


_f 
Pr=i—e 2. 


igi 


aE 


the standard deviation along both orthogonal axes. Because of concern with a radial 
distribution, the total distribution of errors involves numbers different from those of 
the linear case (tabs. Q7a and Q7b). In the circular case, lo error indicates that 39.35 
percent of the errors would not exceed the value of the lo error; 86.47 percent would 


not exceed the 20 error;.98.89 percent would not exceed the 3c error; and 99.78 per- 
cent would not exceed the 3.5¢ error. 
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In the case of the circular normal-distribution, the standard deviation ¢ is equivalent to { 
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cc To | 

| From SO 39.35% | 50.00% | 63.21% | 95. 00% | 99.78% | 

i : | | 

| | i | 

i 39.35% | 1.0000 | 1.1774 | 1.4142 | 2.44677 | 3.5000 | 

[| 50.00% | 0.8493 ; 1.0000 +: 1.2011 | 2. 0789 2.9726 | 

| 68. 21% | 0.7071 : 0.8325 + 1.00009 | 1.7308 2.4749 | 

. 95. 00% 0.4085 * 0.4810 : 0.5778 1. 0000 1. 4299 | 
s 99.78% ; 0.2857 | 0.3364 | 0.4040 0. 6993 1.0000 } 
= i : I : 
= = i s i ee) 


Tasir Q7b.—Circular error conversion factors. 


Because the usual case where there are two-dimensional distributions is that the 
standard deviations are different, resulting in an elliptical distribution, the circular 

. Standard deviation is less useful than the linear standard deviation. It is more common 
* to describe two-dimensional distributions by the two separate one-dimensional standard 
deviations asscciated with each error axis. References, however, often do not make this 
distinction, referring to the position accuracy of a system as 600 feet (2c), for example. 
Such a description should leave the reader wondering whether the measure is circular 
error, in which case the numbers describe the 86 percent probability circle, or whether 
the numbers are to be interpreted as one-dimensional sigmas along each axis, in which 


case the 95 percent probability circle is indicated (assuming the distribution to be 
circular, which actually it may not be). 


















The term RMS (root mean square) error when applied-to two-dimensional errors 
does not have the same meaning as standard deviation. The term hay the same meaning 
- as radial error or drns, discussed later. Such use of the term is deprecated. 
cele 


In a circular normal distribution, the term circular probable error (CPE) or cir- 


cular error probable (CEP) refers to the radius of the circle inside of which there is a 
50 percent probability of being located. 





The term CEP is also used to indicate the radius of a circle inside of which there is 
a 50 percent probability of being located, even though the actual error figure (fig. Q7a) bern 
is an eilipse. Article Q6 describes one of the methods of obtaining such CEP equivalents : ao 
when given ellipses of varying eccentricities. Curves and tables are available for perform- | at 
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Cz o/e 


Figure Q7a.—Error ellipse and circle of equivalent probability. 
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Figure Q7b.—CEP for elliptical error distribution approximations. 
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ing this calculation. Despite the availabilty of these curves and tables, approximations 
are often made for this calculation of a CEP when the actual error distribution is ellip- 
tical. Several of these approximations are_indicated and plotted for comparison with 
the exact curve in figure Q7b. Of-the various approximations shown, the top curve, the 
one which diverges the most rapidly, appears to be the most commonly u: d. 

Another factor of interest concerning the relationship of the CEP to various 
ellipses is that the area of the CEP circle is always greater than the basic ellipse. Table 
Q7c indicates that the divergence between the actual area of the ellipse of interest and 
the circle of equivalent probability increases as the chips becomes thinner and more 
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The value of the CEP may be related to the radius of other values of probability i 
circles analytically for the case of the circular normal distribution by solving the basic f 
equation for various values of probau:lity. For this special case of the circular normal i 
distribution, these relationships are shown drawn to scale in figure Q7c with the associ- 1 
ated values tabulated in table Q7d. 

The derivation of tl se values is shown in the following analysis. First, the factor 
relating the CEP to the circular sigma is derived, then, as a second ea :mple, the rela- 
= : tionship between the 75 percent probability circle and the circular sigma is derived. 
= The ratio of these two values is then the value shown in table Q7d for the 75 percent 
value, 

The circular normal distribution equation is: 
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Fietre Qic.—Relationship between CEP and other probability circles. 


Take natural logarithm of both sides 
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Tasie Q7d.—Relationship between CEP and radii of other 
probability circles of the circular normal distribution. 


The factors tabulated in table @7d are sometimes used to relate varying probability 
circles when the basic distribution is not circular, but elliptical. That such a precedure 
is inaccurate may be seen by the curves of figure Q7d. It can be seen that the errors 
involved are small when the eccentricities are small. But the errors increase significantly 
when both high values of probability are desired and when the ellipticity increases in 
the direction of long, narrow distributions. 

The terms radial error, root mean square error, and d,m. are identical in mearirg 
when applied to two-dimensional errors. Figure Q7e illustrates the definition of drm:. 
It is seen to be the squa.< root of the sum of the square of the 1 sigma error components 
along the major and minor axes of a probability ellipse. The figure details the definition 
of 1 dim. Similarly, other values of dja: can be derived by using the corresponding 
values of sigma. The measure dn; is not equal to the square root of the sum of the 
squares of o, and that are the basic errors associated with the lines of position of a 
particular measuring system. The procedures described in art. Q6 must first be utilized 
to obtain the values shown as o, and ,o. 

The three terms (radial error, root-sum-square error, and d,,,) used as a measure of 
error are somewhat confusing because they do not correspond w a fixed value of prob- 
ability for a given value of the error measure. The terms can be conveniently related to 
other error measures only when o-=c,, and the probability figure is a circle. In the 
more common elliptical cases, the prebability associated with a fixed value of drm: 
varies as a function of the eccentricity of the ellipse. One d,,. is defined as the radius of 
the circle obtained when ¢,=1, in figure Q7e, and cy varies from 0 to 1. Likewise, 2 dims 
is the radius of the circle obtained when ¢,=2, and o, varies from 6 to 2. Values of the 
length of the radius d._: can be calculated as shown in ta'.ie Q7e. From these values the 
associated probabilities can be determined from the tees of article Q6. The variations 
of probsbility associated with the values cf 1 d-, aad 2 d,,, are shown in the curves 
of figures Q7f and Q7g. Figure Q7h shows the lack of a constant relationship in a slighly 
different way. Here the ratio dins/CEP is plotted against the same measure of elliptic- 
ity. The three figures show graphically that there is not a constant value of probability 
associated with a single value of d-n.. 

Figure Q7i shows the substitution of the circular form for elliptical error distri- 
buticns. When ¢, and o, are equal, the probability represented by 1 dim: is 63.21 per- 
cent. When o; and o, are unequal (c, being the greater value), the probability varies 
from 64 percent when ¢,/c,=0.8 to 68 percent when ¢,/c:=0.3. 
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Fratre Q7d.—Keiaiion of probability circles to CEP versus ellipticity. 


Q8. Navigation system accu:acy.—In a navigation system, predictability is th. 
measure of the accuracy with which the system can define the position in terms of 
geographical coordinates; repeatability is the measure of the accuracy with which the 
system permits the user to return to a position as defined only in terms of the co- 
ordinates peculiar to that system. Predictable accuracy, therefore, is the accuracy of 
positioning with respect to geographical coordinates; repeatable accuracy is the 
accuracy with which the user can return to a position whose coordinates have been 
measured previously with the same system. For example, the distance specified for 
the repeatable sccuracy of a system such as Leran-C is the distance between two 
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Loran-C positions established using the same stations and time-difference readings ~~ 
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TasLe Q7e.—Calculation of dens. 


at different times. The correlation between the geographical coordinates and the 
system coordinates may or may not be known. 

Relative accuracy is the accuracy with whick a user can determine his ‘position 
relative to that of another user of the same navigation system at the same time. Hence, 
a system with high relative accuracy provides good rendezvous capability for the 
users of the system. The correlation between the geographical coordinates and the 
system coordinates is not relevant. 
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= : Figure Q7f.—Variation in d,,, with ellipticity (1 d,.,). 
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Ficure Q7g.—Variation in d,,, with ellipticity (2 d,.,). 


Q9. Most probable position—Some navigators, particuarly those of little ex- 
perience, have been led by the simplified definitions and explanations usually given in 
texts to conclude that the line of position is infallible, and that a fix is without error, 
Pane. 2 overlooking the frequent incompatibility of these two notions. Too often the idea has 
prevailed that information is either all right or all wrong. An example is the practice 
of establishing an estimated position at the foot of the-perpendicular from a dead 
reckoning position te 2 line of position. The assumption is that the vessel must be 
somewhere on the line of position. The limitations of this often valuable practice are 
3 : not understood by these inexperienced navigators. . 

A more realistic concept is that of the most probable positicn (MPP), which recog- 
nizes the probability of error in all cavigational information, rnd determines position 
by an evaluation of all available information, using the princip‘es of errors. 

Suppose a vessel were to start from a completely accurate position and proceed 
on dead reckoning. If course and speed over the bottom were of equal accuracy, the 
uncertainty of dead reckoning positions would increase equally in all directions with 
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Ficurt Q7h.~~Ellipticity versus din./CEP (1 dins)- 


either distance or elapsed time (for any one speed these would be directly proportional 
and therefore either could be used). Therefore, a circle of uncertainty would grow 
around the dead reckoning position as the vessel proceeded. If the navigator had full 
knowledge of the distribution and nature of the errors of course and speed, and the neces- 
sary knowledge of statistical analysis, he could compute the radius of the circle of un- 
certainty, using the 50 percent, 95 percent, or other probabilities. 

In ordinary navigation, this is not practicable, but based upon his experience and 
judgment, the navigator might estimate at any time the likely error of his dead 
reckoning or estimated position. With practice, he might acquire considerable skill 
in making this estimate. He would take into account, too, the fact that the area of 
uncertainty might better be represented by an ellipse than a circle, the major axis 
being along the course line if the estimated error of the speed were greater than that of 
the course, and the minor axis being along the course iine if the estimated error of the 
course were greater. He would recognize, too, that the size of the area of uncertainty 
would not grow in direct proportion to the distance or elapsed time, because disturbing 
factors such as wind and current could not be expected to remain of constant magnitude 
and direction. Also, he would know that the starting point of the dead reckoning would 
not be completely free from error. 

At some future time additional positional information would be obtained. This 
might be a line of position from a celestial observation or by Omega. This, too, would 
be accompanied by an estimated error which might be computed for a certain probabil- 
ity if the necessary information and knowledge were available. If the dead reckoning 
had started from a good position obtained by means of landmarks, the likely error of 
the initial position would be very small. At first the dead reckoning or estimated position 
would probably be more reliable than a line of position obtained by celestial observation 
or Omega. But at some distance the two would be equal, and beyond this the line of 
position might be more accurate. 

However, the determination of most probable position does not depend upon 
determination of which information is most accurate. In figure Q9a a dead reckoning 
position is shown surrounded by a circle of uncertainty. A line of position is also shown, 
a with its area of uncertainty. The most probable position is within the overlapping area, 
= oh. tf and if the uncertainty of the dead reckoning position and that of the line of position are 
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Figure Qii—Substitution of the circular form for elliptical crror distributions. 
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about equal, it might be taken at the center of the area. If the overall errors are con- 
sidered normal, and they are probably approximately so, the effect of. each error is pro- 
portional to its square. Thus, if the likely error of a dead reckoning position is 3 miles, 
and that of a line of position is 2 miles, the most probable position is nearer the line 


of position, being at a distance equal to a=s that from the dead Feckoning position 


(or %s of the perpendicular distance from the dead reckoning position to the line of 
position). 

If a fix is obtained from two lines of position, the area of uncertainty is a circle 
if the lines are perpendicular, have equal likely errors, and these errors can be von- 
sidered normal. If one is considered more accurate than the other, the area is an ellipse, 
the two axes being proportional to the standard deviations of the two lines of position. 
As shown in figure Q9b, it is also an ellipse if the likely error of each is equal and the 
lines cress at an oblique angle. If the errurs are unequal, the major axis of the ellipse is 
more nearly in line with the line of position having the smaller likely error. 

If a fis is obtained from three or more lines of position spread in azimuth by more 
than 180°, and the error of each. line is normal and equal to that of the others, the 
most probable position is the center of the figure. By “center” is meant that point 
within the figure which is equidistant from the sides. If the lines are of unequal likely 
error, the distance of the most probable position from each line of position is propor- 
tional to the square of the likely error of that line times the sine of the angle formed by 
the other two lines. 

In the discussion of most prebable position from lines of position, it has been 
assumed that no other positional information is available. Usually, this is an incorrect 
essumption, for there is nearly always a dead reckoning or estimated position. This 
can be considered in any of several ways. The square of its likely error can be used in 
the same manner as the square of the likely error of each line of position. A most 
probable position based upon the dead reckoning or estimated position and the most 
reliable line of position might be determined as explained above, and that line of position 
replaced with a new one parallel to it but passing through the most probable position 
just determined. This adjusted line of position can then be assigned a smaller likely 
error and used with the other lines of position to determine the overall most probable 
position. A third way is to establish a likely error for the fix, and consider the most 
probable position as that point along the straight line joining the fix and the dead 
reckoning or estimated position, the relative distances being equal to the square of 
the likely error of each position. 

The value of the most probable position determined as suggested above depends 
upon the degree to which the various errors are in fact normal, and the accuracy with 
which the likely error of each is established. From a practical standpoint, the second 
factor is largely a matter of judgment based upon experience. It might seem that inter- 
pretation of results and establishment of most probable position is a matter of judgment 
anyway, and that the procedure outlined above is not needed. If a person will follow 
this procedure while gaining experience, and evaluate his results, the judgment he 
develops should be more reliable then if developed without benefit of a knowledge of 
the principles involved. The important point to remember is that the relative effects 
of normal random errors in any one direction are proportional to their squares. 

Systematic errors are treated differently. Generally, an attempt is made to discover 
the errors and eliminate them or compensate for them. In the case of a position deter- 
mined by three or more lines of position resulting from readings with constent error, 
the error might be eliminated by finding and applying that correction (including sign) 
which will bring all lines through a common point. 
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Figtre Q9a.—A most probable posi- 
tion based-upon a dead reckoning 
position and line of position having 
equal probable errors. 


Figure Q9b.—Ellipse of uncertainty with lines of 
position of equal probable crrors crossing at an 
oblique angle. 


Qt0. Mistakes.—The recognition of a mistake, as contrasted with an error (art. 
Q2), is not always easy, since a mistake may have any magnitude, and may be either 
positive or negative. A large mistake should be readily apparent if the navigator is 
alert and has an understanding of the size of error to be reasonably expected. A small 
mistake is usually not detected unless the work is checked. 

If results by two methods are compared, as a dead reckoning position and a line 
of-position, exact agreement is not to be expected. But if the discrepancy is unreasonably 
large, a mistake is logically suspected. The definition of “unreasonably large” is a 
matter of opinion. If the 99.9 percent areas of the two results just touch, it is possible 
that no mistake has been made. However, the probability of either one having so great 
an error is remote if the errors are normal. The probability of both having 99.9 percent 
error of opposite sign at the same instant is very small indeed. Perhaps a reasonable 
standard is that unless the most accurate result lies within the 95 percent area of the 
least accurate result, the possibility of a mistake should be investigated. Thus, if the 
areas of uncertsinty shown in figure Q9a represent the 95 percent areas, it is probable 
that a mistake has been made. 

As in other matters pertaining to navieation, judgment is important. The use to be 
made of the results is certainly a consideration. In the middle of an ocean passage a 
mistake is usually not serious, and will undoubtedly be corrected before it jeopardizes 
the safety of the vessel. But if landfill is soon to be made, or if search and rescue opera- 
tions are to be based upon the position, almost any mistake is intolerable. 

Ql11. Conclusion.—The correct identification of the nature of an error is important 
if the error is to be handled intelligently. Thus, the statement. is sometimes made that a 
radio bearing need not be corrected if the receiver is within 50 miles of the transmitter. 
The need for a correction arises from the fact that radio waves are assumed to follow 
great circles, and if radio bearings are to be plotted on a Mercator chart, the equivalent 
rhumb line is needed. The statement regarding 50 miles implies that the size of the 
correction is proportional to distance only. It overlooks the fact that latitude and direc- 
tion of the bearing line are also important factors, and is therefore a dangerous statement 
unless its limitations are understood. 

The recognition of the type of error is also important. A systematic error has 
quite a different effect than a random error, and cannot be reduced by additional 
readings unless some method or procedure is instituted which wil! cause the errors to 
cancel each other. 

The errors for various percentage probabilities are usually of greater interest than 
the “average” value. The average of a large number of normal errors approaches zero, 
but the probable (50 percent) error might be quite large. 
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A person who understands the nature of errors avoids many pitfalls. Thus, the 
magnitude of the errors of individual lines of position is not a reliable indication of the 
size of the error of the fix obtained from them. The size of the triangle formed by 
three lines of position has often been used as a guide to the accuracy of the fix, although 
a large triangle might be the result of a large constant error if the objects observed are 
equally spaced i in ‘azimuth. On the other hand, two lines of position with small errors 
might produce a fix having a much larger erfor if the lines cross at a small angle. 
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E B28 LORAN-A 


R1. Introduction —During World War II a pioneering long range radio-navigation 
A system, Loran-A, was developed at the Massachusetts Institute of Technology, and 
subsequently implemented under the auspices of the U. S. Coast Guard to fulfill war- 
time operational needs (art. 136). At the conclusion of the war, 70 transmitting stations 
were sending Loran-A pulses to some 75,000 receivers aboard military and commercial 
ships and planes. By 1971, there were 83 stations, with many of the Loran-A trans- 
mitters having been in constant service for almost 20 years. The equipment was showing 
signs of age and obsolescence. 

Meanwhile, during the late 1950’s and early 1960’s, the Department of Defense 
instituted a program designed to develop a new generation of radionavigation aids. 
The result was Loran-C, a system less costly to the government to operate and more 
accurate than Loran-A. Unfortunately, the cost of Loran-C receivers, until very recently, 
made the superior system less appealing to potential users in the commercial and rec- 
reational boating communities. Now the Loran-C system expansion, additional re- 
search in receiver design, and a concurrent rise in demand for Loran-C receivers has 
enabled manufacturers to produce sets at a cost competitive with the Loran-A receivers. 

Today there are 8 Loran-C transmitting chains, with a total of 12 expected to be 
in operation by 1980. In many areas Loran-C and Loran-A services will be overlapping, 
a situation that the Department of Transportation sees as unnecessary if continued 
over a long period of time. In May 1970, the Secretary of Transportation published the 
National Plan for Navigation which, among other things, identified the U. S. Coastal 
Confluence Zone (CCZ), and listed several candidate navigation systems for that zone. 
After extensive study, the Coast Guard recommended and the Secretary of Transpor- 
tation approved selection of Loran-C as the government sponsored navigation system 
for the CCZ. A plan has been developed which provides for the improvement and ex- 
pansion of Loran-C to cover the entire CCZ, and the eventual phase out of existing 
Loran-A stations. Such a phase out, once initiated, will be accomplished over a minimum 
of 2 years to provide a sufficient period of dual Loran-A/Loran-C operation to cover 
amortization of existing Loran-A receivers and the conversion of historical Loran-A 
position data to Loran-C coordinates. 

While it might appear that Loran-C is merely a duplication of the Loran-A service, 
differences in the transmitted signals and in receiver operations make Loran-C a much 
more accurate system. While Loran-A can be used to identify a position that is accurate 
to from 1 to 5 nautical miles of a particular point in the groundwave coverage area, 
. ., Loran-C can identify a position with 0.25-mile accuracy. This increased accuracy can 
“2 be critical to the navigator operating in confined, crowded, or otherwise hazardous 

sealanes. The accuracy of Loran-C extends to “repeatability.” That is, a mariner can 
employ Loran-C to return to within 300 feet of a particular point. However, depending 
upon chain geometry, receiving equipment, and system stability, the Loran-C user may 
be able to return to within 50 feet of a particular point. Similarly, one mariner can rely 
on Loran-C to govern his position in relation to another. Whereas it would take 30 
Loran-A transmitting stations to cover the Coastal Confluence Zone, Loran-C will 
provide more accurate coverage with about half as many stations. 
1238 
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In anticipation of the phase out discussed abeve, the discussion of Loran-A was 
transferred to this appendix to facilitate the removal or revisions in the treatment of 
Loran-A in subsequent printings of this edition. 

R2. Loran-A is a hyperbolic system of navigation by which difference in distance 
from two fixed points on shore is determined by measurement of the time interval 
between reception of pulse-modulated (art. 4016), synchronized signals from trans- 
mitters at the two points. The name Loran is derived from long range navigation. Since 
it operates in the 1,850 to 1,950 kHz frequency range, both groundwaves and skywaves 
can be used to provide coverage over an extensive area with relatively few stations. 
The system is passive. 

Usually, stations of a pair are located from 200 to 400 miles apart, although they 
may be as close as 100 miles or as far as 700 miles. Generally, a number of stations are 
located so as to form a chain, with all but the end stations in the group being “double 
pulsing.” In most parts of the coverage area, signals can be received from at least two 
pairs of stations, thus making it possible to obtain a fix by Loran-A alone. 

The range at which signals are received varies considerably with kind of signal 
(groundwave or skywave), route of the signal (over land or water), time of day, at- 
mospheric noise level, geographic region, ionospheric conditions, and possible directional 
properties of the receiving antenna. 

As a general rule, groundwave coverage during the day extends to about 700 
miles in the Atlantic and 800 miles in the Pacific. At night the range is about two- 
thirds this amount. During daylight hours, relatively few skywave signals are received, 
but at night, signals arrive by so many different paths that a train of signals may be 
received from a single transmitted pulse. Figure R2a shows a typical scope appear- 
ance of such a train near the limit of groundwave coverage. All of the signals are from 
a single transmitted pulse. One-hop-E sigrsls are received to a maximum distance 
of about 1,400 miles. Curvature of the earth prevents their reception at greater distances 
regardless of power of the transmitter. Beyond this, strong signals may be received hy 
multihop-E waves or by one or more refiections from the F layer. Because of relatively 
:  farge uncertainties in the lengths of the paths of such signals, and the increased un- 
certainty of identification, Loran-A tables and charts do not provide facilities for their 
use. The extending of lines to provide coverage for such signals is not recommended. 
Reception of reliable signals on some occasions is no-assurance that those received at 
other times can be trusted. Typical variation in appearance of groundwave and sky- 
wave signals with time of day is shown in figure R2b. 

The range at which a groundwave signal can be received is much less if the path 
is across lund than if it is across water. For this reason Loran-A stations are located se 
that signal paths are as much as possible across water in the direction of greatest 
importance, and it is desirable that the baseline also be across water. The retarding 
effect varies greatly with the type of land, and is somewhat less when the land is not 
adjacent to the transmitter. The paths of skywaves are so high that signal strengths 
are not noticeably affected by land unless it is within about 20 or 30 miles.of the trans- 
mitter or receiver. 
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Ficure R2a.—A typical train of Loran-A signals from a single transmitted pulse- 
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Fiecre R2b.—Typical variation in sppearance of signals with local time. 


When the atmospheric noise level is high, signals which may otherwise be usable 
are lost in the clutter. 

The areas near the baseline .ons are excluded from Loran-A coverage dia- 
grams because of the relatively lai + error of position for a small error in the time 
difference reading. 

Transmitting antennas are vertical to avoid directional properties in the horizontal 
plane. Vertical receiving antennas are desirable for the same reason. 

Pulse signals from each pair of stations are transmitted continually. Identification 

F is by means of frequency and pulse repetition rate (PRR), sometimes called pulse 
recurrence rate. Frequency is identified by channel number, as follows: 





a ea 


TATU 





Channel Frequen Channel F acy 
No. ) No. (HE) 
1 1950 3 1900 
2 1850 


é The same frequency can be used for signals from a number of different station 
- pairs by varying the rate at which the signals are transmitted. Three basic pulse 


= ee repetition rates are available, as iollows: 
 , MPOCIAl GS) ee sove nese tule teseke 20 pulses per second, 
= TOW CB aock eeu tease cena 25 pulses per second, 
= Gy High: (A) wo. oo oe eee eet 33% pulses per second. 


The interval between the start of consecutive pulses is 50,600 us for the special rate, 

= 40,000 us for the low rate, and 30,000 us for the high rate. 

=3 A further breakdown of repetition rate can be accomplished by verying the basic 
ee ' rate slightly. In practice, the difference between consecutive specific pulse repetition 
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rates is 100 xs. The specific rates in use, are-identified by number, starting with 0 for 
the basic rate and increasing to.7 (eight rates), each-higher number increasing slightly 





the rate at which signals are tre insmitted; and degregsitg by 100 us the interval between 
signals. 





ea 


Thus, a total of 24 rates is- available Gt the special: i‘ ¢-rate is used) for each of the 
4 frequencies. The same.frate- ‘may'bé used‘in areas so widely separated that interference 
is not likely to occur. Eaéh rate‘is identified-by three characters. The first is a number 
identifying the frequency-charinel,. the second a. letter identifying the basic pulse 
repetition rate, and the third a number identifving-the specific pulse repetition 1ate. 
Thus, the designation 1L7 indi¢ates frequency: channel-1,-low basic pulse repetition 
rate, and specific pulse repetition-rate 7. Stated differently, pulses are transmitted at 
intervals of 39,3C0 gs, on a frequency, of 1950 kHz. The term:rate, implying the number of 
pulses per unit time, is now -used-for ‘the full three-character designation, and even for 
the station pair. their signals, and the resulting hyperbolic lines of position and the tables 
and curves ie which they are represented. — 

R3. The Loran-A receiver-indicator.—The receiver used for Loran-A signals is sitailar 
to that used in ordinary radio communication, except that it has no speaker. Signals 
are sent to an indicator consisting of a cathode ray tube (art. 4019) and the necessary 
timing circuits and controls. The major portion of the space needed for the equipment 
is occupied by the indicator. : 

On the face of the scope a-visible line is-produced by the spot of light formed at 
the point. of impact of the moving beam of-clectrons. This line is divided into two 
parts, one above the other: The upper partis ‘called the A trace, and the lower part 
the B trace. When the controls are set. for a given rate, the length of the combined 
trace, in microseconds, is adjusted to the interval between beginning of pulses. Thus, 
if a reading is desired on rate 2H5, separate switches are set on 2, H, and 5 to control 
the frequency, basic pulse repetition rate, and specific pulse repetition rate. respectively. 
“the combined Jength of the two traces is then 29,500 us. 

When the controls are thus set for a given rate, the signals of that rate appear as 
vertical deflections which remain stationary because a signal is received at the samc 
part of each trace. Signals of the same basic pulse repetition rate, but of a different 
specific pulse repetition rate, appear to drift along the trace. Those of a lower rate 
drift to the right and those of a higher rate drift to the left. The greater the difference 
between the given rate and that of the signal, the faster the rate of drift. 

The drift is due to the difference between the length of the combined trace and 
the time interval between the start of consecutive signals. Suppose the indicator is 
set for rate 2H3. The length of the combined A and B traces is 29,700 us. A rate 2H2 
signal is received at intervals of 29,800 us. The spot of light forming the traces completes 
a cycle in 29.700 ps and moves an additional 100 us before the next 2H2 signal is 
received. Each succeeding 2H2 signal appears 100 us to the righi (motion is left-to- 
right) of the previous one, and after 297 signals have been received (9 seconds), will 
have moved the entire length of both traces and returned to its original position. 
Signals cf rate 2H5 will move to the deft at twice the speed, completing the circuit in 
4% seconds. On some scopes a faint line called « retrace (fig. Ria) can be seen con- 
necting the ends of the two traces. This indicates the path of the spot of light in moving 
from the end of one trace to the beginning of the next, during a period of about 70 us. 
These two periods of 70 us are part of the total length of the combined trace. 

Signals of the same frequency but another basic pulse repetition rate can be seen, 
but they appear as flickering signals called ghosts, which may drift faster than other 
signals. Each succeeding signal appears at a point 10,000 us from the preceding one. 
Thus, every third or fourth signal may appear at about the same place, but the rate at 
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Ficure R3.—A signal of the correct basic pulse repetition rate, and a ghost. 
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Fiecre R4a.—The Loran-A scope. 


any given place is so slow (approximately six or eight per second) that the deflection 
does not appear continuous. Since the spot of light is not deflected in most of its pas- 
sages, the line appears continuous with the deflection superimposed on it. The appear- 
ance of a signal of the correct rate and a ghust is shown in figure R3. 
Strong signals from a frequency channel c:fferent from that. to which the receiver is 
tuned may be received. This is called spillover. 1i can be detected by tuning to a dif- 
. ferent frequency. The frequency at which the signal appears strongest is the correct one. 
R4. A Loran-A reading.—Details of Loran-A receiver-indicators differ, but the 
principles of all are the same. Near the start of each trace of a typical indicator, a portion 
of the visible line is raised to form a pedestal, as shown in figure R4a. The pedestal of 
the A trace is fixed, but that of the B trace can be moved to nearly any location along 
the line. 
When the entire cycle is shown, as in figure R4a, a signal of 40 xs drration appears 
a as a vertical line, as indicated. It can be moved right or left by means of a switch which 
: temporarily shortens or lengthens the trace by a small amount, causing the signal to 
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Fieure R4b.—The Loran-A signals properly matched. 


drift. After the correct signals have been identified, they are moved, if necessary, until 
the signal on the A trace is to the left of that on the B trace, and mounted near the left 
edge of the pedestal. The pedestal of the B trace is moved until the other signal is 
mounted near its left edge. By a series of successive magnifications, the left portions of 
the two pedestals are placed under each other and made to occupy the entire length of 
the originel trace. The two traces are then brought to the same horizontal line, and one 
signal superimposed over the other, a process called matching. Figure R4b is a photo- 
graph of a Loran-A scope with signals properly matched, at greatisv magnification. 
When the signals are matched, they occupy the same position with respect to the two 
pedestals. The reading is the distance (time separation) between the two pedestals, 
indicated by downward deflections of the traces, or by dial. At greatest amplification, 
the signals appear as in figure R3 or figure R4b. 

A Loran-A reading is influenced by three deiays introduced in the transmission of 
the slave signal, as follows: 

Half pulse repetition rate delay. A delay equal to half the interval between start 
of consecutive pulses is introduced so that one signal can be placed on each trace at 
approximately the same relative position. If this were the only delay, and © receiver 
were at some point on the centerline, one signal would be directly under the other. 
Without the delay they would appear at the same place on the same trace. This delay 
is introduced for convenience in making a reading, and is not included in the reading. 

Baseline delay. If the half pulse repetition rate delay were the only one, readings 
would increase from zero along the centerline to a maximum along each baseline 
extension. Since both master and slave signals look alike, there would be no way of 
identifying them if the position of the receiver was sufficiently in doubt that it might 
be on either side of the centerline. The baseline delay, equal to the length of time 
needed for a signal to travel the length of the baseline (6.18 us times the length of 
the baseline in nautical miles), causes the readings to increase from zero along the base- 
line extension beyond the slave to & value of-twice the baseline delay along the baseline 
extension beyond the master station. Because of this delay, the master signal can never 
appear to the right of the slave signal if ona signal is placed on each trace. 

Coding delay. With a reading near zero ono might find difficulty at small scale 
in determining which signal was left and which was right. An additional delay of 
500, 950, or 1,000 ps is provided to increase all readings by this amount. This increases 
the distance between the“master signal and the slave signal when one is on each’ trace. 
This delay can be changed easily at the slave transmitter according to a prearranged 
schedule, to provide some measure of security in time of war. 
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in distance (in nautical 
miles) of the receiver from. ive if nearer the slave), 
plus the baseline delay; -plus:th : 

R5. Identification and: use of: vari rave 
various skywaves differ,-resulting in-recéption of 


transmitted signal. Since.different réadings are-obtained<wi 


es of groundwaves and 
s(fig. R2a) from a single 
different combinations of 








signals, identification is-important. -=* .  .- wer 

If a single wave is received, it-is almost surély-a-groundwave. If a groundwave 
is received as part of a train of waves; itis the first-or leftzhand:wave of the group. The 
position of the receiver rélative.to the transmitter-is.some-guide; Within a few hundred 
miles of the station, the first signal is nearly always a groundwave, unless there is in- 
tervening land. Near the extreme limit of the coverage area, groundwaves are not 
received. Between these limits is a critical range in which the first signal may be either 
a groundwave or okywave. This critical range varies with time of day, location, a 
conditions, as discussed in article R2. In general, it can be considered to be between 
about 600 and 900 miles by day, and between about 500.and 700 miles by night: 

Th ~ppearance of the waves can be helpful .a their identification. A groundwave 
is characteristically steady in shape and amplitude. Skywaves may at times appear 
as steady as groundwaves, but such steadiness seldom lasts for more than a few minutes. 
Beceuse of constant changes in the intensity ‘reflecting power) and height of the 
ionosphere (arts. 4007, 4008), and changing phase relationships, skywaves are subject 
to two characteristic fluctuations. . 

Changes in intensity, and changing phase relationships, cause changes in the 
strength of the reflected signal arriving at the receiver. This is called fading. It may 
be a relatively small change in the amplitude of the signal, or it may be so severe that 
the signel disappears altogether for a short time. The complete cycle of fading from 
full strength to minimum and back to full strength may be completed in a period of 
less than a minute, or it may extend over several minutes. Oo 

Changes in height of the ionosphere cause the signal to move right or left along 
the trace. This motion is not apparent by itself, and equal changes in those parts of 
the ionosphere reflecting signals from the two transmitters has littie effect on the 
reading. However, « change in intensity may result in shifting the reflecting surface 
to a higher level. When there ere two or more such surfaces a short distance apart, 
splitting of the signal occurs, resulting in more than one crest of the same signal, close 
together. As the various reflecting surfaces change in intensity and height, the different 
crests move up and down relative to each other, and change their spacing. 

It is good practice to watch the signals for several minutes before making a reading, 
to be sure of their identification and also to be sure that the leading edge of each is 
visible, for it is this edge, however weak, that should be matched. In a Loran-A area 
the best practice is to make readings at regular intervals, at least once each hour. 
The changing appearance with time of day (fig. R2b) should be helpful in identifying 
signals. Also, » inconsistency of one Loran-A fix relative to such a series is in indication 
of possible error of identification. 

In general, skywaves are steadier at greator distances from the transmitter, because 
reflection takes place over # larger area and local variations have less effect, and also 
Lecause changes in height have less effect upon the length of the path. Therefore, the 
changes are less extreme. One-hop-E waves are usually steadier than multihop-E waves, 
or those reflected from the F layer (fig. R2a). Changes in these signals are so great 

that intolerably large errors in readings may be introduced. For this reascn and the 
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uncertainty in identification of these waves, it is generally considered advisable to 
limit readings to groundwaves and one-hop-E waves. 

If a vessel is rolling heavily all signals of a train may fade somewhat in synchronism 
with the roll. A weak groundwave signal may flicker due to random noise signals 
which appear as continually-fluctuating grass on the trace. This momentary change 
is not easily confused with the slower fading. 7 

For most rates, groundwaves should always be matched if available. If ground- 
waves are available from one station, but not from the other, the one-hop-E skywaves 
of both stations should be matched. In general, multihop-E waves and F waves should 
not be used. In some instances, where the baseline is long, a correction table is provided 
for matching a groundwave from one station with a skywave from the other. 

R6. Accuracy.—The accuracy of a Loran-A fix depends upon the accuracy of the 
individual lines of position, and the angle at which the lines intersect. The accuracy of 
individual lines of position depends upon the following factors: 

Synchronization of signals. Transmission of Loran-A signals is continuously moni- 
torcd. Normally, the timing is correct to a fraction of 1 microsecond, but if the signals 
get out of synchronization by as much as 2 microseconds (5 microseconds for rate 1L4), 
either the master or slave signals, or both are made to blink to warn the user of the 
situation, so that readings on this rate can be avoided until the synchronization is 
restored, usually in a matter of minutes. Blinking is the shifting of signals right and 
left about 1,000 microseconds, at intervals of 2 seconds. 

Position relative to transmitting stations. Accuracy is related to the spacing between. 
consecutive lines of position separated by a constant difference of reading, as every 
microsecond. Lines are most closely spaced, giving highest accuracy, along the base- 
line between the stations, where an error of 1 microsecond in the reading produces an 
error of 0.081 mile, or 492 feet. From this the lines of position diverge.-Near the base- 
line extensions, an error of 1 microsecond in the reading produces an error of several 
miles in position Any groundwave reading within 25 us of the baseline extensions, or 
any skywave reading within 200 us of those along these lines, should be considered 
of doubtful value. 

Uncertainty in travel time of signal. The time needed for a signal to travel from 
the transmitter to the receiver depends upon the speed and distance. The speed is so 
nearly constant that the slight variations involved do not introduce a significant error: 
The distance between two points, however, depends upon the path followed by the 
wave. Groundwaves follow the curvature of the earth with little variation, so that 
any error introduced by variations in the path is negligible. This is not true, however, 
of skywaves. Continual changes in the height and intensity of the ionosphere, as well 
as tilting of it from the horizontal, produce changes in the length of the path of the 
radio signal. The increased length of the skywave path over the groundwave path 
decreases with greater distance from the transmitter. Along the centerline, where the 
distance from the to transmitters is the same, the time difference is the same for sky- 
waves as for groundwaves. At other places, signals from one station are delayed more 
than those from the other. A skywave correction is provided in the Loran-A tables 
and on the Loran A charts to convert a skywave reading.to the equivalent groundwave 
reading. At distances of 800 miles or more, carefully made skywave readings have an 
average error of about 2 microseconds. The error increases as the stations are ap- 
proached, reaching an average value of about 7 microseconds at a distance of 250 
miles from one of the transmitters. This increased error is partly offset by closer spacing 
of the lines of position. However, since individual errors can be more than twice the 
average, the use of skywaves is not generally recommended within 250 miles of either 
station, and corrections for these areas are not usually tabulated. 
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Skill in making a reading. The principal-source of error in making a reading is in 
identifying the signals. Patience and judgment are rieeded io avoid an error due to 
use of the wrong: wave or failure to detect the true leading edge. With a reasonable 
signal-to-noise ratio, a careful operator should be able to match’signals and read the 
indicator with an error not to exceed 1 microsecond. With patience, even very weak 
signals can be matched with an error of not more than a few microseconds. 

Alignmeni of the indicator. Instructions for checking the “alignment” (adjustment) 
of the indicator are included in the instruction manual provided with each Loran-A 
receiver-indicator.-If the alignment is incorrect, errors may be introduced in the readings. 

Incorrect location of transmitters. Computations are made for carefully determined 
positions of transmitters. However, where isolated stations require independent position 
determinations, the relative positions of the two stations may not be correct, however 
carefully determined, because of deflection of the vertical (app. X). When errors are 
established through usage, correction chartlets are provided in the Loran-A tables 
and on Loran-A charts. If the position of one station is found to be in error, the correc- 
tions are applicable in radial sectors around that station. If the positions of both sta- 
tions are incorrect, the pattern is more involved. ; 

Errors in Loran-A tables and charts. Errors due to imperfections in tables and charts 
are negligible. 

Plotting errors, Piotting of Loran-A lines of position requires the same care as 
plotting of other navigational information if accurate results aré to be obtained. For 
maximum accuracy, 8 large scale should be used 

R7. Loran-A lines of position—Computation of the coordinates of points along 
various Loran-A lines of position is performed by digital computer, allowance being 
made for the spheroidal shape of the earth. 

The Loran-A tables for each rate consist of a small-scale chartlet showing the pat- 
tern of the Loran-A lines of position, and any corrections due to incorrect locations of the 
stations, a skywave correction table for one-hop-E waves, and the principal table 
giving coordinates of points on the lines of position. This table is entered with the 
Loran-A reading in microseconds, and the latitude or longitude. For a line running in a 
generally north-south direction, the table is entered with the latitude, and the corre- 
sponding longitude is taken from the table. For an east-west line, the table is entered 
with longitude, and latitude is taken from the table. Two such points are thus deter- 
mined and plotted, usually one on each side of the dead reckoning position. The 
straight line connecting them is an approximation of a small part of the line of position. 
Latitude and longitude are given at intervals of whole degrees, half degrees, or quarter 
degrees, depending upon the degree of curvature of thie line. A separate column is given 
for each tabulated reading, at suitable intervals. An auxiliary tabulation labeled A 
(delta) gives the change in longitude or latitude (to 6/01) for a 1-microsecond change 
in the reading. The main table should be entered with the nearest reading. If interpola- 
tion is toward a smaller reading, the printed sign of A should be reversed. Extracts from 
a Loran-A table are given in figures R7a, R7b, and R7c. 

Tabulated readings are for groundwaves. Skywave readiugs are corrécted to the 
equivalent groundwave readings before entering the tables. A groundwave reading is 
designated Tg, and a skywave reading Ts. If a groundwave is matched with a skywave, 
the reading is labeled Tog if the groundwave is from the master station, and Tg if from 
the slave station. A line of position may appropriately be labeled with the time above 
the line and the identification below the line. It is good practice to give full identification, 
as 2H3 Ty 2154 or 1L0 Ts 1893 (Ty 1891). 
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Example 1—The 1909 DR position of a ship is lat. 42°48‘3N, long. 62°28'3W. 
About this time Loran-A readings are obtained, as follows: 


Regquired—The 1900 fix. 


Solution Enter the skywave correction table of- 3H4 with the dead reckoning 
position, and find the correction, (+)37, by double interpolation. The equivalent 
groundwave reading is 6258+ 376295. Enter the 6300 column of the 3H4 table, with 


the following results: 
Long. Tab. lat A - 
62°W 43°02!0N (+ )56 (—)2!8 
63°W 42°43/1N (+)51 (—)2'6 


Next, enter the 2220 column of the 1H2 table, with the following results: 
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1859 3H4 Ty 6278 ~ 


1900 1H2 T, 2229 


Lat. Tab. long. a 
42°30'N 62°13/9W (—)18 
43°00'N 62°33/9W (—)16 


Plot the two points of each line of position, and draw and label the lines. The 

i common intersection of the two lines is the required fix, as shown in figure R7d. 
: Angwer.—1900 fix: L 42°51/0N, A 62°26/2W. 
: It is good practice to watch the scope for a few minutes before making a reading 
to be sure of correct identification of signals. If this is done for all rates before a reading 
is made, and skywave readings are made first, the intervals between readings can be 
‘ kept to a minimum, and a skillful operator can often obtain two or three readings, 
over such a short period of time that the run between them can be ignored. However, 
where necessary, Loran lines of position should be advanced or retired in the same 


637 W 











Ficure R7d.—A Loran-A fix by table and plotting sheet. 
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manner as other lines of position. If all readings are made within an interval of a few 
minutes, as customary, the position is considered a fix, rather than a running fix, follow- 
ing the practice of celestial navigation (art. 1707) rather than that of piloting. 
: On Loran-A charts, the plotted lines are for groundwave readings. The small num- 
.. bers near the intersections of printed meridians and parallels are one-hop-E skywave 
; corrections at the intersections. 

Eye interpolation can be used to locate lines between those printed. Graphs to 
facilitate such interpolation have been devised. When the correct position has been 
located, a shout line is drawn parallel to the printed lines. The common intersection of 
the various lines of position, advanced or retired as necessary, is the fix. 
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APPENDIX S 
CHARTS AND PUBLICATIONS OF OTHER AGENCIES 


(Not for sale by the Defense Mapping Agency Hydrographic Center) 


The following items are publications and charts about which the Defense Mapping 
Agency Hydrographic Center frequently receives inquiries. Application should be made 
to the authorities named. 


= . Charts 








. United States waters and possessions.—Published by National Ocean Survey. 
Charts and related publications may be ordered from Distribution Division, C44, 
National Ocean Survey, Riverdale, Maryland 20840 (Counter Sales: 6501 Lafayette 
Avenue, Riverdale, Maryland—Lobby, Building 1, 6001 Executive Boulevard, Rock- 
ville, Maryland—439 West York Street, Norfolk, Virginia) or from authorized sales 
agents. 
Orders mailed to Riverdale, Maryland should be accompanied by a check or 
money order payable to NOS, Department of Commerce. Remittance from outside of 
: the United States should be made either by an International Money Order or by a 
‘ check payable on a United States Bank. 
. Canadian coastal and Great Lakes waters.—Charts may be ordered from Hydro- 
graphic Chart Distribution Office, Department of the Environment, 1675 Russel 
Road, P.O. Box 8080, Ottawa, Ontario, KIG 3H6, Canada. Pacific Coast and Western 
Arctic charts may be ordered from Canadian Hydrographic Service, Department of 
the Environment, 512 Federal Building, Victoria, British Columbia. Payment in the 
form of a money order or bankable remittance payable in Canadian funds to the 
: Receiver General of Canada must accompany an order. C.O.D. orders and postage 
= ; stamps are not accepted. 
- Lower Mississippi River—Charts and maps of the Mississipp: River from the 
Gulf of Mexico to the Ohio River (also St. Francis, White, Big Sunflower, and other 
rivers) may be ordered from U. S. Army Corps of Engineers, Vicksburg District, 
P.O. Box 60, Vicksburg, Mississippi 39180. 
Middle and Upper Mississippi River and Illinois Waterway to Lake Michigan.— 
Charts may be ordered from U. S. Army Corps of Engineers, Chicago District, 219 
! South Dearborn Street, Chicago, Illinois, 60604. 
Missouri River—Charts may be ordered from U. S. Army Corps of Engineers, 
4 Omaha District, U. S. Post Office and Courthouse, 215 North 17th Street, Omaha, 
ee Nebraska 68102. 
: Ohio River—-Charts may be ordered from U. S. Army Corps of Engineers, Ohio 
shee. River Division, P.O. Box 1159, Cincinnati, Ohio 45261. 
: Tennessee River and tribuiaries—Charts may be ordered from Tennessee Valley 
Authority, Map Sales, 400 Commerce Avenue (WP A3), Knoxville, Tennessee 37902. 
Black Warrier River, Alabama River, Tombigbee River, Apalachicola River, Chaita- 
: hooche River, Flint River, and Pearl River—Charts may be ordered from U.S. Army 
ee : Corps of Engineers, Mobile District, P.O. Box 2288, Mobile Alabama 36628 (Attention 
SAMEN-DI). 
Gulf Inéracoastal Waterway.—A booklet made from National Ocean Survey nautical 
® charts and showing depths of water, channels, navigation markers, and types of bottom 
1252 
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from New Orleans, Louisiana to St. Marks, Florida may be ordered from U.S. Army 
* Engineer District, Mobile, P.O. Box 2288, Mobile, Alabama 36628 (Attention: SAMEN- 
DI). Nautical charts for the Gulf Intracoastal Waterway from Brownsville, Texas to 
New Orleans, Louisiana, and from St. Marks Florida to the Florida Keys may be 
obtained from Distribution Division, C44, National Ocean Survey, Riverdale, Maryland 
20840. 
National Ocean Survey‘Publications 


Tide Tables, Tidal Current Tables, and United States Coast Pilots are sold by the 
Distribution Division, C44, National Ocean Survey, Riverdale, Maryland 20840, 
National Ocean Survey, and its agents. 


U.S. Naval Observatory Publications 


Air Almanac, Nautical Almanac, and American Ephemeris and Nautical Almanac 
are for sale by Superintendent of Documents, Government Printing Office, Washington, 
D.C. 20402. 

U.S. Coast Guard Publications 


Light Lists, United States coasts and possessions, are for sale by Coast Guard 

Sales Agents and by the Superintendent of Documents, Government Printing Office, 
+ Washington, D.C. 20402. 
: Navigation Rules, International—Inland, CG-169, Rules of the Road, Western 
: Rivers, CG-184, and Rules of the Road, Great Lakes, CG-i72, may be obtained upon 
request to U.S. Coast Guard Marine Inspection Offices or the Commandant (WLE- 
4/73), U.S. Coast Guard Headquarters, 400 Seventh Street, SW., Washington, D.C. 
20590. 

Local Notice to Afariners may be obtained free from the Commander of the local 
Coast Guard District. 





National Weather Service Publications 


ee ee ee ee oor 


Worldwide Marine Weaiher Broadcasts, published jointly by the Naval Weather 

, Service Command and the National Weather Service of the National Oceanic and 

. Atmospheric Administration, is for sale by the Distribution Division, C44, National 

Ocean Survey, Riverdale, Maryland 20840, Sales Agents of the National Ocean Survey, 

and by the Superintendent of Documents, Government Printing Office, Washington, 
D.C. 20402. 










































































































































































APPENDIX T 


HAND-HELD DIGITAL CALCULATORS 


T1. Introduction Many hand-held digital calculators are available for solving 
calculations in the practice of navigation. Any advautage obtained over manual or 
tabular methods through use of any one of these calculators is largely dependent upon 
the sophistication of ti. calculator, the user’s familiarity with it, and the navigational 
problem involved. However, even the simplest calculator can be used to save time 
and increase reliability and accuracy in some common calculations. Since the sophisti- 
cation of calculators is so diverse, they will be discussed in three general categories 
described here as basic, intermediate, and advanced or programmable calculators. 


Basic Calculators 


T2. Basic calculators can be used to add, subtract, multiply, and divide. Some 
caiculators in this category cen be used for obtaining square roots, reciprocals, and the 
logarithms of numbers, but they cannot be used for obtaining trigonometric functions 
or the inverse trigonometric functions. The basic calculators lack the addressable 
storage features of the more advanced calculators which can be used to facilitate 
arithmetic operations. 


polation, (2) solution of basic formulas requiring only routine arithmetic operations, 
(3) use with tables of trigonometric functions for solutions of basic formulas involving 
trigonometric functions, and (4) other routine arithmetic operations. 

T3. Linear in:terpolation—The use of the basic calculator for linear interpolation 
is simple, accurate, reliable, and time saving. The calculator can be used to expedite 
the linear interpolations normally associated with the use of sight reduction tables. 
Note that the interpolation table of Pub. No. 229 does not always provide interpolations 
to the nearest tenth of a minute. 

T4. Basic calculator with square root capability.—The basic calculators that provide 
the square roots of numbers can be used for the solution of several common navigation 


problems. 
Distance to the visible horizon (art. 724, vol. II) in naztical miles can be calculated 
using the formula: 
d=1.15 yh, 
or 


d=2.07yhiny 





= oo depending upor whether the height of eye of the observer above sea level is in feel 
OR cater a (hy) or in meters (ha). 
= — Dip of the visible horizon (art. 725, vol. 11) in minutes of arc can be calculated using 


= ¢ : the formula: 

a D=0/97Vh, 
e 4} or 

= + 


D=1'76 Wha: 


Le depending upon whether the height of eye of the observer above sea level is in feet 
: (h,) or in meters (ha). 
1254 
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The navigational applications of the basic calculators include: (1) linear inter- 4 
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Distance to the radar horizon (art. 1207, vol. I), in nautical miles can be calculated 
using the formula: 
d=1,22Vh, 
or 
d=2.21Vh., 


depending upon whether the height of the antenna above sea level is in feet (A,) or 
in meters (hn). 

T5. Dip of the sea short of the horizon.—The basic calculator can be used instead 
of table 22 for the solution of the dip of the sea short of the horizon (art. 726, vol. IT) 
by means of the fermula: ‘ 


D,=0.4156d+0.5658 7 


D,=0.4156d+0.1725 te, 


‘n which D, is the dip of the sea short of the horizon, in minutes of arc; d is the distance 
to the waterline of the obstruction, in nautical miles; and.A, and 4, are the heights of 
eye of the observer above sea Jevei in feet and meters, respectively. 

Values of dip of the sea short of the horizon in table 22 are for heights of eye in 
feet. only. 

T6. Use with tables of trigonometric functions —The basic calculator can be used 
with tables of natura: trigonometric functions (table 31) to avoid the use of logarithmic 
functions which might otherwise be necessary. 

The solutions of the examples given in article 706 of volume II can be effected with 
the basic calculator if the natural trigonometric functions are extracted from tabie 31 
or other table of trigonometric functions. The solutions by this method are generally 
morc laborious and time consuming than the use cf the intermediate calculator (art. 
T7) or modern sight reduction tables. 


Intermediate Calculators 


T7. Intermediate calculators provide the trigonometric functions and inverse 
trigonometric functions lacking in the basic calculator, but these calculators cannot be 
programmed. The intermediate calculators normally contain many of the special 
feetures which enhance the use of the calculator for solving navigational problems. 
In addition to the special features which the basic calculator may have, the inter- 
mediate calculator may have the capability for conversion of degrees and minutes to 
degrees and decimal degree, anc for rectangular to polar coordinate conversion. These 
intermediate calculators usually have additional working storage registers and address- 
able storage registers for expeditious solution of the more complex arithmetic operations. 

The intermediete calculators can be used for the solutions of most, if not all, of 
the problems normally encountered in marine navigation. Some of the applications of 
these intermediate calculators are discussed under the following categories: (1) sight 
reduction, (2) azimuth and amplitude solutions, and (3) the sailings. 

T8. Sight reduction by basic formulas permits the use of the normally nonintegral 
values of latitude of the observer, and LHA and declination of the celestial body. The 
reductions are effected without need for the interpolation normally associated with 
the use of sight reduction tables of the inspection type. Solving the formulas by means 
of the intermediate calculator, the sights can be readily reduced from the observer's 
most probable position or any assumed position of his choice. Simultaneous, or nearly 
simultaneous, observations can be reduced using a single assumed position. The use 


































































































































































































1256 APPENDIX T: HAND-HELD DIGITA!. CALCULATORS 
of the most probable position for the assumed position instead of that position which 
would provide integral velues of latitude and LHA to avoid interpolation for iliese 
quantities generally tends to provide a shorter straight line LOP, and thus a better 
representation of the circle of equal altitude (ert. 1701). 

The computed altitude is calculated using the basic ..rmula for solution of the 
undivided navigational triangle (art. 706, vol. iL): 


= sin h=sin L sin d+cos L cos d cos LHA, 


in which h is the altitude to be computed (Hc), D is the latitude of the assumed position 
fer the reduction, d is the declination of the celestial body, and LHA is the local hour 
angie of the body. Meridian angle (t) can be substituted for LHA in the basic formula. 
= For use with the intermediate calculator, the basic formula is restated in terms 
of the inverse trigonometric function (art. 141, vol. II): 


He=sin™ {(sin Z sin d)+(cos L cos d cos LHA)]. 


When latitude and declination are of contrary name, declination is treated as a negative 
quantity. No special sign convention is required for the local hour angle as in the 
following azimuth angle calculations. 

The azimuth angle (Z) can be calculated using the altitude azimuth formula (art. 
709, vol. II) if the altitude is known. The formula stated in terms of the inverse trigono- 
metric function is , * 

_ ane | Sin. d—(sin L sin He)7_ 
toon (cos L cos He) 

If the altitude is unknown or a solution independent of altitude is required, the 
azimuth angle can be calculated using the fine azimuth formula (art. 707, vol. II). 
The formula stated in terms of the inverse trigonometric iunction is 
| eS , 

(cos Z tan d)—(sin ZL cos LHA) 


The sign conventions used in the calculations of both azimuth formulas are as 
follows: (1) If latitude and declination are of contrary name, declination is treated 
as a negative quantity; (2) If the local hour angle is greater than 189°. it is treated 
as a negative quantity. 

If the szimuth angle as calculated is negative, it is necessary to add 180° to obtain 
the desired value. 

The calculation of altitude and azimuth angle by means of the intermediate cal- 
culator requires many individual key strokes. Error-free accomplishment of a large 
number of strokes is nut easy. Skill can be ebtained by practice using values differmg 
by only a few minutes from the integral entering arguments of Pub. No. 229. The 
tabulated values in the tables provide a convenient means of checking the solution 
by calculator for gross error. 

T9. Azimuths.—When checking the error of the compass by an azimuth observa- 
tion of a celestial body, it is necessary to compute the azimuth for the time and place 
of observation for comparison with the observed azimuth. When tables are used for 
the purpose (art. 719, vol. II) tedious triple interpolation is usually required. When 
calculators are used, solution can be effected by one of several formulas, including 
the time and altitude azimuth formula: 


Z=tan™ 






: gusint cosa 
cos h 
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This formula is not generally recommended because of smbiguity with respect to 
quadrant as discussed in article 710 of volume II. 

When the altitude is known and a solution independent of the altitude is not 
desired, solution can be effected by the altitude azimuth formula or by the time azimuth 
formula given in article T8. 

Ezample-—In DR lat. 41°25/9S, the azimuth of the sun is observed as 016°0 
pgc. At the time of the observation, the declination of the sun is 22°19‘6N; the local 
hour angle of the sun is 342°37/6. 

Required.—The gyro error by calculation of 


sin LHA 


= ~1 ; 
aoe Les L tan d)—(sin Z cos LHA) 


using the intermediate calculator. 
Preliminary.—(1) Convert each known quantity to degrees and decimal degree: 


Latitude 41°25/9S =41°432 
Declination 22°19/6N=(—) 22°327 
LHA 342°37/6 =(—) 342°627 


(2) Prepare form on which to record results obtained in the several procedural 
steps of the calculations. 

Solution —(1) Procedure varies according to calculator design and the degree to 
which the user employs the features of the design enabling more expeditious solutions. 

(2) In this example, only the initial step of substituting the given quantities in 
the formula, in accordance with the sign conventions, is given before the azimuth 
angle as obtained by the calculator is stated. 


sin LHA 


Z=tan" | ore ae Pas LHD 


et ee 
. (cos 41°432Xtan (—) 22°327)—(sin 41°432X cos (—) 3427627) 


Z=(:-)17%6. 


(3) Since Z as calculated is a negative angle (—17°6), 180° is added to obtain 
the desired azimuth angle, 162°4. 


Z = §162°4E 
Zn 01796 
Zn pec 016°0 


Answer.——Gyro Error 1°6E. 


T10. Amplitudes (art. 720, vol. II) can be easily computed by means of the inter- 
mediate calculator. The basic formula is 


Assin“ (sin d sec L), 


_ ann /Sind\ 
A=sin (= F 


which can be stated as 
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Where A is the arc of the horizun between the prime vertical and the body, DZ is the 
latitude at the point of observation, and d is the declination of the celestial body, 
usually the sun. 

Ezample.—The DR latitude of a ship.is 51°24/6N, at o time when the declination 
of the sun is 19°40/4N. 
Required —The amplitude (A), when the center of the setting sun is on the celestial 


































horizon, by calculation of A=sin7! Cae using the intermediate calculator. 


Preliminary.—(1) Convert each known quantity to degrees and decimal degree. 


Latitude 51°24/6N==51°410 
Declination 19°40/4N =19°673 


(2) Prepare form on which to record results obtained in the several procedural 
steps of the calculations. 

Rules.—(1) All terms are treated as positive quantities, whether or not latitude 
and declination are of contrary name. 

(2) The amplitude is given the prefix E if the body is rising and W if it is setting; 
it is given the suffix N when the declination is north and the suifix S when the decli- 
nation is south. 

Solution —(1) Procedure varies according to calculator design and the degree to 
which the user employs the features of the design enabling more expeditious selutions. 

(2) In this example, only the initial step of substituting the given quantities in 
: the formula, in accordance with the rules, is given before the amplitude as obtained 


' by the calculator is stated. 
sin d 


cos L 
=sin-! (sin 19°673-~-cos 51°410) 
A=32°7 


A=sin7! ( 


Answer.—A W32°7N. 

Interconversion of amplitude and azimuth is similar to that of azimuth angle 
and azimuth. Thus, if the amplitude is B15°S, the body is 15° south of east or 
90°+15°=Zn 105°. 

T11. Great-circle solutions for distance and initial course angle can be calculated 
from the formulas: 


D=cos™ [(sin L, sin L,)+(cos L, cos L, cos DLo)) 
sin DLo 


— -1 a 
Caen | toss Ly ton Z,) —(sin LZ; cos DLo) 
where D is the great-circle distance, C is the initial great-cirele course angle, Z; is the 
latitude of the point of departure, Z, is the latitude of the destination, and DLo is 
the difference of longitude of the points of departure and destination. If the name of 
the latitude of the destination is contrary to that of the point of departure, it is treated 
as a negative quantity. 

Example 1.—A ship is proceeding from Manila to Los Angeles. The captain desires 
to use great-circle sailing from lat. 12°45'2N, long. 124°20'1E, off the entrance to 
San Bernardino Strait, to lat. 33°48’8N, long. 120°07/1W, 5 miles south of Santa 
Rosa Island. 
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Required—(1) The great-cirele distance and 
(2) initial great-circle course. 
Preliminary.—(1) Convert each known quantity to degrees and decimal ees 


Dy 12°45/2N =12°7538N 
Lz 33°48'8N =33°813N 
DLo 115°32'8E=115°547E 


wits + 


. 


macnn rtinernemm tng eM HE 


(2) Prepare form on which to record results obtained in the several procedural 
steps of the calculations. 

Rule.—When the latitudes of departure and destination are of contrary name, the 43 
latitude of the destination is treated as a negative quantity. 2 a 

Solution.—(1) Procedure varies according to calculator design and the degree to : é 
which the user employs the features of the design enabling more expeditious solutions. = es 

(2) In this example, only the initial step of substituting the given quantities in 
the formula, in accordance with the sign convention or rule, is given before the distance 
and course angle as obtained by the calculator are stated. 


D=cos™! [(sin Z, sin Z,)-+(cos L, cos LZ, cos DLo)] 
=cos7! [(sin 129753 Xsin 33°813)-+ (cos 129753 Xcos 332813 Xcos 115°547)] 





tracert 


D=103°099 a ae 
of sin DLo eee.) 
~""  L(cos Z; tan £,)—(sin £; cos DLo) eae oli 
2 Ze - "zs 
_ ton sin 1152547 ] ae 
ai (cos 12°753X tan 332813) — (sin 12°753Xcos 115°547) 


C=50°322 


Answers.—(1) D 6,186 nautical miles. 
(2) C N50°3E, Cn 05023. 
The Vertex 


The latitude of the vertex, Z,, is always numerically equal to or greater than JL, 
or L,. If initial course angle, C, is less than 90°, the nearer vertex is toward L,; but if C 
is greater than 90°, the nearer vertex is in the opposite direction. The vertex nearer L, 
has the same name as J,. 


The latitude of the vertex can be calculated from the formula: 
L,=cos“ (cos £, sin C). 


The difference of longitude of the vertex and the point of depariwre (DLo,) can be 
calculated from the formula: 
DLo,=sin=! ($27): 2 


sin L, 
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The distance from the point of departure to.the vertex (D,) can be calculated from 
the formula: 


D,=sin-! (cos LZ, sin DLo,). 
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Example 2.—The situation is the same as in example 1. 
Required —(1) The latitude of the vertex. 
(2) The longitude of the vertex. 
(3) The distance from the point of departure to the vertex, 
Solution.—(1) Procedure varies according to calculator design and the degree to 
which the user employs the design features enabling more expeditious solutions. 
(2) In this example, only the initial steps of substituting the given quantities in 
the formulas are given before the latitude of the vertex, difference of longitude of the 
vertex, and the distance from the point of departure to the vertex are stated. 


L,=cos~! [cos L, sin C] 
- =c0s7! [cos 12°753 Xsin 50°322) 
Answers.—(1) D,=41°21/1N. 
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iy 


gil 
a 


Pees cos © 
Di 0,=sin ont. 

=sin~ [cos 50°322--sin 419353] 
DLo,=75°05/8. 


(2) \,»=160°34/1 W. 





D,=sin7 [cos Z; sin DLo,] 
=sin~! (cos 12°753Xsin 75°097] 
D,=70°480. 
(3) 4,229 nautical miles. 


Points on the Great-Circle Track 





DLo, and D, of the nearer vertex are never greater than 90°. However, when L, 


and I, are of contrary name, the other vertex, 180° away, may be the better one to [° ts 
use in the solution for points on the great-circle track if it is nearer the mid point ofthe |-- 
track. 5 : 

The latitudes of points on the great-circle track can be determined for equal 
DLo intervals each side cf the vertex (DLo,.) using the formula: 


L,=tan~' (cos DLo,; tan £,). 


Example 3—Same situation as example 1. 

Required—Points on the great-circle track for equal DLo intervals each side of 
the vertex (DLo,,). 

Preliminary.—Select DLo interval appropriate for latitude and speed of advance, 
12°, 

Solution.—(1) Procedure varies according to calculator design and the degree to : 
which the user employs the design features enabling more expeditious solutions. re 

(2) In this example, only the initial steps of substituting the given quantities 
in the formulas are given before the latitudes of points on the great-circle track are 
stated. 


L,=tan~ [cos DLo,z tan L,] 
=tan™! [cos 12° tan 419353] 
L,=40°726. 
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Answere.—(1) D=40°43'6. 
Ag=172°84!1W(12°W of d,)- 


==148°34/1W (12°E of d,). 


L,=tan™ [cos 24°Xtan 412353] 
L,=38°802 
(2) L,=38°48'1. 
\2=175°25/ 6H (24° W of X,). 
A,=136°34/1W(24°E of 2,). 
Other points are similarly found. 


Alternative Solution for Points on Track 


The method of selecting the longitude (or DLo,,): and determining the latitude 
at which the great-circle crosses the selected meridian provides shorter legs in higher 
latitudes and longer legs in lower latitudes. Points at desired distances or desired 
equal intervals of distance on the great-circle from the vertex can be calculated using 
the formulas: 

L,=sin™ [sin L, cos D2] 


_.: [sin De 
DLo,.=sin ‘ Sante Z|: 

Exanple 4.—Same situation as example 1. 

Required.—Points on the great-circle track at equal intervals of distance from the 
vertex, 

Preliminary—Select distance intervals appropriate for speed of advance, 300 
nautical miles (5°). 

Solution-~(1) Procedure varies according to calculator design and the degree 
to which the user employs the design features enabling more expeditious solutions. 

(2) In this example, only the initial steps of substituting the given quantities 
in the formulas are given before the latitude and the difference of longitude of the 
point at the desired distance from the vertex are stated. 


L,=sin“ [sin LZ, cos Dy] 
==sin~! [sin 419353 Xcos 5°] 

£,=41°161 

E,=41°09/7N. 


DLo,.=sin-! [= 7 | 


ccs L, 





==sin7! [sin 5°-+cos 41°353] 
DLo,,=6°667 
DLo,.=6°40/0. 
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Answer.—(1) £,AV°09/7N.. 

Ax153°54/ 1 W. 
d167°14/1W. 

L,=sin™ [sin Z, cos D,.] 

=sin™! [sin 419353 cos 10°] 
L,=40°591 
L,=40°35/5N. 


Diowesant Esa 
cos L, 


=sin~! [sin 10°-cos 419353] 
DLo,.=187375 
DLo.=13°22/5. 
(2) L,=40°35/55N. 
2==147°11/6W(300 miles W of 2,). 
A:=173°56!6W (300 miles E of 4,). 


Other points are similarly found. 

T12. Plane sailings——A calculator having the rectangular to polar coordinate 
conversion feature affords expeditious solutions of plane sailings. However, the 
user must keep in mind whether the difference of latitude corresponds to the caleulator’s X- 
coordinate or te its Y-coordinate. 

Example 1.—A vessel steams 188 miles on course 905°. 

Required.—(1) Difference of latitude, (2) departure. 

Solution.—(1) This problem involves converting polar coordinates (188 miles, 005°) 
to rectangular coordinates. 

(2) Procedure varies according to calculator design. 


X-coordinate 187.285 
Y-coordinate 16.885 


Answer.—(1) 1187/3 N. 
(2) p 16.4 mi. E. 


Advanced Calculators 


T13. Advanced or programmable calculators have the potential for significantly 
reducing the quantity and complexity of the navigator’s computational workload. |. - | 
Properly programmed calculators now available have the capability for “memorizing” 5 ine 
and executing specific keystroke sequences required in the solution of a problem. This | 
feature eliminates the requirement for calculating each step of a formula when using the | 
basic or intermediate calculator. The need for format conversion (i.e, degrees and ; 
minutes to degrees and decimal degree) and calculating the formula in a specific order fy. _ 
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is no longer necessary. Thus, computation time is greatly reduced along with chances 
for human error. 

Sight reduction speed is further enhanced when the “memory” of the calculator is 
stored with almanac data. : 

Other’ advantages to be derived from an advanced calculator include: 

1. Relatively error-free reductions of a » large number of celestial observations te 
improve position information. 

2, Enables nevigators to concentrate more on analysis and evaluation by freeing 
them from time-consuming and error prone repetitious tasks. 
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. APPENDIX U é 
UNDERWATER LOG CALIBRATION GUIDELINES 


U1. Introduction.—During the calibration of the underwater log on the measured 
mile course, the applicable requirements and procedures specified for the ship’s stand- 
ardization trial should be followed as closely as possible. The calibration should not 
be conducted when the effects of wind and sea can materially affect the accuracy of the 
results. Preferably, the measured mile should be run in a calm sea. The following 
guidelines do not include the computational procedures and equipment adjustments 
which may be found in the manufacturer’s manual for the log being calibrated. 


Guidelines 


U2. Limiting sea and wind conditions—The recommended maximum sea and 
wind conditions are sea state 3 and wind force 5 on the Beaufort scale (app. V). No more 
than 3° of rudder movement should be required to steer a steady course white on the 
measured mile. Excessive use of the rudder will reduce the accuracy of the calibration. 

U3. Minimum depths.--The runs should be made on measured miles where the 
water is of such depth that shallow-water effects will not be experienced. A reasonable 


estimate of the required minimum depth in feet in the approach, measured mile, and eRe 
turn around jarea is three| times the square root of the product of the ship’s beamand | a 
draft in feet, or 0.3 times the square of the ship’s speed in knots, whichever is greater. age oe 
U4, Tidal current.—Each series of runs of the measured mile at the same speed : 
must be made while the tidal current is running in the same direction. The method of nr 
averaging which compensates for water current will produce correct ship’s speed only ae ox 
if the speed of the tidal current is increasing or decreasing uniformly with time. The 7.» << 


time interval between runs of a series should be kept reasonably constant. If the first 
run of a series starts, for example, at 0900 and the second at 0920, then the third 
run should start at about 0940. 

U5. Draft and trim.~—Unless the log is to be calibrated for different loadings or 
different displacements, the runs should be made at normal trim and at approximately | 
average draft. : 

U6. Propeller RPM.—During the run of the measured mile at a specific speed, 
RPM must be maintained constant within a tolerance of plus or minus two RPM’s. If this 
tolerance is exceeded during any run, the data for the run should be discarded; the 
run should be repeated, To insure that the ship has reached its terminal speed for the 
RPM during a run, the ship must be steady on course at the required RPM when at 
least 1 mile from the range of the first set of markers. The speed at the various RPM’s 
is obtained in addition to the log calibration data. 

U7. Runs required.—A series of three consecutive runs, alternating in direction, 
should be made for each speed for which the log is to be calibrated. If any run must De 
discarded, additional runs must be made to obtain three consecutive runs alternating - 
in direction. The effects of current and sea conditions being additive in one direction * 
and subtractive in the other direction, the data for the second run of a series is used , 
as a hypothetical fourth run in calculating the average speed through the water. The ~ 

mathematical derivation is referred to as a mean of means. The correct mean value for Stee 
speed and the RPM is the sum of the data for the first and third runs plus two times the , 


1264 























dos 


i ie EERE ee 

























































































ee ee er re 


a nem 

















APPENDIX U: UNDERWATER: LOG CALIBRATION GUIDELINES 1265 


data for the second run, and this sum-total divided by four. This can be stated in the 
following formula: 
ptt 20a tos, 
a 4 


After a run has been completed in one direction, the ship shouldbe taken well 
beyond the measured mile course and turned without excessive use of rudder so that 
the same track will be repeated on the following run. The limit on the rudder angle is 
to limit the loss of speed during the turn. The ship should be taken well away from the 
measured mile course to insure sufficient time to reach terminal speed for the RPM 
prior to passing the range of the first set of markers on the following run. The ship 
should be steady on course at the required RPM when at least 1 mile from the first 
set of markers. 

In calibrating an electromagnetic log, each series of runs must be made at a speed 
as specified in the manufacturer’s instruction manual. Thus, the number of runs and 
speeds during each series of runs are governed by equipment design. As specified in the 
manufacturer’s instruction manual, a series of runs may have to be discarded if the 
specds ascertained are not within certain limits. 


Advance Preparations 


U8. Advance preparations.—Complete calibration of the underwater log may 
require a full working day in an area distant from the area of the ship’s normal opcra- 
tions. Advance preparations should include equipment tests in accordance with ihe 
manufacturer’s instruction manual, and practice runs on a simulated measured mile to 
insure that the log is functioning properly (except for calibration) and that personnel 
are familiar with the procedures to be followed. 

U9. Verification.—Since the markers for measured-mile courses are not U. S. 
Coast Guard maintained aids to navigation, advance preparation should include 
verification that the markers are in place. 


Duties of Observers 


U10. Duties of observers.—Two observers on the navigation bridge must make 
independent observations of the time required to run the measured mile. One bridge 
observer acts as coordinatcr; the other insures that the course is held steady during 
the run and that excessive rudder is not used. Approximately 3 minutes before the 
first set of markers are “in range” (or “in transit’) the coordinator calls out “Get 
ready.” A few secovds before the first set. of markers are in range, the coordinator calls 
out “Stand by.” At the instant the first set of markers are in range by his observation, 
the coordinator calls out “Mark” and simultaneously starts his stopwatch. The other 
bridge observer starts his stopwatch #1 the instant of his independent observation that 
the first set of markers are in range. 

The engine room observer records the shaft RPM at the ccordinator’s “Mark” and 
at each 15-second interval thereafter during the run. The engine room observer insures 
that the tolerance of +- or — two RPM’s is not exceeded during the run. 

The log observer determines the time required for the distance counter to increase 
1 mile. He does not necessarily record the mileage on the counter and start his stop- 
watch at the instant of the coordinator’s “Mark.” Because of the difficulty of reading 
intermediate values on the counter, the normal procedure is to delay the log distance 
timing until such time after the coordinator’s “Mark” that the bottom of the hun- 
dredths digit just appears in the window of the counter. 
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An assistant log observer may be employed for independent timing of the distance 
counter and for recording of data. 

The coordinator must insure that speed and course are held steady until such time 
that the log counter has registered an increase of 1 mile. An initial high negative error 
in the log may extend the run several seconds beyond the time the second set of markers 
are in range. By comparing the time required to run the measured mile-with the time 
required for the log counter to increase exactly 1 mile the percentage error of the log 
can be determined. 

While running the measured mile for calibration of an electromagnetic log, the 
instantaneou. s2adings of the speed dial can be ignored. 
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APPENDIX W 


SEA STATE 


This appendix provides, by means of representative photographs illustrating the 
effects of the wind on the sea surface, a pictorial guide to mariners for estimating the 
wind speed at sea. 

The photographs and associated text are taken from State of Sea Photographs for 
the Beaufort Wind Scale, Crown Copyright, Ottawa, 1975. The material is reprinted with 
minor changes through permission of the Atmospheric Environment Service, Depart- 
ment of the Environment, Canada. 


State of Sea Photographs for the Beaufort Wind Scale 


W1. Introduction. —This appendix presents the results of a project carried out on 
board the Canadian Ocean Weather Ships C.C.G.S. St. Catharines and C.C.G.S. 
Stonetown. The aim of the project was to collect photographs of the sea surface as it 
appears under the influence of the various ranges of wind speed defined by The Beaufort 
Scale of Wind Force (app. V). Word descriptions of the appearance of the sea for 
each Beaufort Force have been available for many years, but it was felt that photo- 
graphs illustrating the conditions associated with each force would be of some assistance 
to ships’ officers in estimating wind speed. Sea photographs taken by low-flying aircraft 
of the United States Navy were published by the Meteorological Branch under a 
circular memorandum dated December 20, 1957. However, these aerial photographs, 
while good, do not depict the aspect of the sea as viewed from the bridge of a ship. 
The apparent lack of good photographs of this nature prompted this project. on the 
Ocean Weather Ships. A selection of the best. photographs resulting from the project 
are presented. 

W2. Estimating the wind at sea—Observers on board ships at sea usually deter- 
mine the speed of the wind by estimating its Beaufort Force, as merchant ships are not 
normally equipped with wind measuring instruments. Through experience, ships’ officers 
have developed various methods of estimating this force. The effect of the wind on the 
observer himself, the ship’s rigging, flags, etc., is used as a criterion; but, estimates 
based on these indications give the relative wind which must be corrected for the 
motion of the ship before an estimate of the true wind speed can be obtained. 

The most common method involves the appearance of the sea surface. The state of 
the sea disturbance, i.e. the dimensions of the waves, the presence of white caps, foam 
or spray, depends principaily on three factors: 

1. The wind speed. The higher the speed of the wind, the greater is the sea dis- 
turbance. 

2. The duration of the wind. At any point on the sea, the disturbance will increase 
the eal the wind blows at a given speed, until a maximum state of disturbance is 
reached. 

3. The fetch. This is the length of the stretch of water over which the wind acts on 
the sea surface from the same direction. For a given wind speed and duration, the longer 
the fetch, the greater is the sea disturbance. If the fetch is short, say a few miles, the 
disturbance will be relatively small no matter how great the wind speed is or how long 
it has been blowing. 
1268 
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There are other factors which can modify the appearance of the sea surface caused 
by wind alone. These are strong currents, shallow water, swell, precipitation, ice, and 
wind shifts. Their affects will be described Jeter. 

A wind of a given Beaufort Force will, therefore, produce a characteristic appear: 
ance of the sea surface provided that it has been blowing for a sufficient length of time, 
and over a sufficiently long fetch. The effects of currents, shallow water, swell, precipita- 
tion, etc., should also be absent. The “Sea Criteria” associated with each Beaufort 
Force from force 0 to force 12 were agreed upon and drawn up by the Internationel 
Meteorological Committee in 1939. These word descriptions of the state of the sea are 
known as the Sea Criterion of the Beaufort Scale of Wind Force. 

The use of the sea criterion has the advantage that the speed of che ship need not 
be considered. In practice, the mariner observes the sea surface, noting the size of the 
waves, the white caps, spindrift, etc., and then finds the criterion (app. V) whict. best 
describes the sea surface as he saw it. This criterion is associated with a Beaufort 
number, for which a corresponding mean wind speed and range in knots are given. Since 
meteorological reports require that. wind speeds be reported in knots, the mean speed 
for the Beaufort number may be reported, or an experienced observer may judge that, 
the sea disturbance is such that a higher or lower speed within the range for the force is 
more accurate. 

: This method, while it appears simple, should be used with caution however. It 
- should be borne in mind that the sea conditions described for each Beaufort Force 
(app. V) are “steady-state” conditions; i.e. the conditions which result when the wind 
has been blowing for a relatively long time, and over « great stretch of water. At any 
particular time at sea, though, the duration of the wind or the fetch, or both, may 
: hot have been great enough to produce these “steady-state” conditions. When a high 
"wind springs up suddenly after previously calm or near calm conditions, it will require 
some hours, depending on the strength of the wind, to generate waves of maximum 
height. The height of the waves increases rapidly in the first few hours after the com- 
mencement of the blow, but increases at a much slower rate later on. Considering the 
effect of fetch, if the observer could start at the beginning of the feuch (say ata cvastline 
when the wind is offshore) after the wind has been blowing for a long time, and proceed 
downwind, he weuld notice that the waves were quite small at the beginning, and 
: increased in height rapidly over the first 50 miles or so of the fetch. Farther along he 
S would notice that the rate of increase in height with distance would slow down, and after 
= : 500 miles or so from the beginning of the fetch there would be little or no increase in 
: height. 

> illustrate the duration of winds and the length of fetches required for vatious 
wind iorces to build seas to 50 percent, 75 percent, and 90 percent. of their theoretical 
maximum heights, table W2 is of interest. 

The theoretical maximum wave heights represent the average heights of the highest 
third of the waves, as these waves are of the most practical significance. 

It will be seen that winds of force 5 or less can build seas to 90 percent of their 
maximum height in ies. than 12 hours, provided the fetch is long enough. 
, Higher winds require a much greater time—force 11 winds requiring 32 hours to build 
~ s waves to 90 percent of their maximum height. The times given in table W2 represent 
: those required to build waves starting from initially calm sea conditions. If waves are 
already present at the onset of the blow, the times would be somewhat less depending 
on the initial wave heights and their direction relative to the direction of the wind 
which has sprung up. 

The first consideration when using the sea criterion to estimate wind speed, therefore, 
is to decide whether the wind has been blowing long enough from the same direction to 
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produce e steady state sea condition. If not, then it is possible that the wind speed 
may be underestimated. For example, if a wind with an actual speed of force 9 has 
been blowing for only 7 hours, it may have generated a sea condition which woul 
perhaps correspond to a steady state for force 6. If, in this case, the sea criterion was 
used blindly without considering the short duration, and force 6 was reported. then the 
wind would be underestimated by three Beaufort forces, or approximately 20 knots. This 
is an extreme example however, as it is very unlikely that even an inexperienced seaman 
could not distinguish a force 6 from a force 9 wind. 
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ee : wind. i unlimited | produce percent of maxi- | of maximum wave height | 
= i i duration | mum wave height indicated. | indicated. | 
4 i i andfetch, | i | 
a | 50% 75% 290% | 50% 75% 29% | 
: | 3 | 2 [| 1.5 5 8S | 38 13 25 | 
= 5 | 8 i 3.5 8 12 | 10 30 60 | 
| 7 i 20 | 5.5 i2 2i | 22 7 150 i 
a | 9 | 40 - \ 8 16 25 | 55 150 280 | - 
: ; oll | 70 | 9 19 32 | 85 200 «450 |e ; 
| | | 
| | 
Dr es ee te a ee ee = oe 
Taste—W2. ~ 
Experience has shown that the appearance of white caps, foam, spindrift, etc., 
reaches a steady state condition before the height of the waves attain their maximum Ea 
value. It is a safe assumption that the appearance of the sea (as regards white ceps, etc.) 





will reach a steady state in the time required to build the waves to 50—75 perceni 
of their maximum height. Thus, from table W2, it is seen that a force 5 wind could 
require 8 hours at most to produce a characteristic appearance of the sea surface. 

A second consideration when using the sea criterion is the length of the fetch over 
which the wind has been blowing to produce the present state of the sea. On the open 
sea, unless the mariner has a copy of the latest synoptic weather map available, he 
will not know the length of the fetch. It will be seen from table W2, though, that only 
relatively short fetches are required for the lower wind forces to generate their charac- 
teristic seas. On the open sea, the fetches associated with most storms and other weather 
systems are usually long enough so that even winds r to force 9 can build seas up to 

7 90 percent or more of their maximum height, providing the wind blows from the same 
Bee a direction long enough. 

When navigating close to a coast or in restricted waters, however, it may be necessary 
to make allowances for the shorter stretches of water over which the wind blows. For 
example, referring to table W2, if the ship is 22 miles from a coast and an offshore wind 
ee es with an actual speed of force 7 is blowing, the waves at the ship will never attain more 
than 50 percent of their maximun: height for this speed no matter how long the wind 
blows. Hence, if the sea criterion were used under these conditions without consideration = : 
of the short fetch, the wind speed would be underestimated. With an offshore wind, =; a 
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the sea criterion may be used with confidence if the distance to the coast is preater than 
the values given in the extreme right-hand column of table W2; again, provided that 
the wind has been blowing cffshore for a sufficient length of time. 

Other factors aside from the duration of the blow and the fetch affect the appearance 
of the sea surface, and should be considered if they are present. 

W3. Tides and Currents.—A wind blowing against a tide or strong current, causes a 
greater sea disturbance than normal, which may result in an overestimate of the wind 
speed. On the other hand, a wind blowing in the same direction as a tide or strong 
current causes less sea disturbance than normal, and may result in an underestimate of 
the wind speed. 

W4. Shallow Water.— Waves running into shallow water increase in steepness, and 
hence, their tendency to break. With an onshore wind there will, therefore, be more 
white caps over the shallow waters than over the dceper water farther offshore. It is 
only over relatively deep water that the sea criterion cun be used with confidence. 

W5. Swell.—Swell is the name given to waves, generally of considerable length, 
which were raised in some distant area by winds blowing there, and which have moved 
into the vicinity of the ship; or to waves raised nearby and which continue to advance 
after the wind at the ship has abated or changed direction. The direction of swell waves 
is usually different from the direction of the wind and the sea waves. Swell waves are 
not to be conside-ed when estimating wind speed and direction. Only those waves raised by 
the wind blowing at the time are of any significance. The wind-driven waves show a greater 
tendency to break when superimposed on the crests of swell, and hence more white 
caps may be formed than if the swell were absent. Under these conditions the use of 
the sea criterion may result in a slight overestimate of the wind speed. 

W6. Precipitation—Heavy rain has a damping ce smoothing effect on the sea 
surface which must be mechanical in character. Since the sea surface will therefore 
appear les: ‘isturbed than would be the case witaout the rain, the wind speed may be 
undrrest*mated unless the smc sthing effect is taken into account. 

Wi. .ce.—Even small concentrations of ice fl ating on the sea surface will dampen 
waves considerably, and concentrations greater than about seven tenths average will 
sliminate waves altogether. Young sea ice, which in the early stages of formation has a 
aick soupy consistency, and later takes on a rubbery appearance, is very effective in 
dampening waves. Consequently, the sea criterion cannot be used with any degree of 
confidence when sea ice is present. In higher latitudes, the presence of an ice field some 
distance to windward of the ship may be suspected if, when the ship is not close to any 
coast, the wind is relatively . song Lut the seas abnormally underdeveloped. The edge 
of the ice field acts like a cuastline, and the short fetch between the ice and the ship is 
not sufficient for the wind to develop the seas fully. 

W8. Wind shifts.—Following a rapid change in the direction of the wind, as occurs 
at the passage of a cold front, the new wind will flatten out to a great extent the waves 
which were present before the wind shift. This is so because the direction of the wind 
after the shift may differ by 90° or more from the direction of th waves, which does 
not change. Hence, the wind may oppose the progress of the waves snd dampen them 
out quickly. At the same time the new wind begins to gencrate its .»wa waves on top 
of this dissipating swell, and it‘, not long before the cross pattern of waves gives the 
sea a “choppy” or confused appearance. It is during the first few hours following the 

wind shift that the appearance of the sea surface may not provide a reliable indication 
of the wind speed. The wind is normally stronger than the sea would indicate, as old 

waves are being flattened out, and new waves are just beginning to bs developed. 
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W9. Night Observations.—On a dark-night, when it is ampossible to see the sea 
clearly, the observer may estimate the apparent wind from its effect on the ship’s 
rigging, flags, etc., or simply the “feel” of the wind. A,guide to estimating the apparent 
wind is given in the Meteorological Branch publication Manual of Marine Weather 
Observing (MANMAR), to which the observer is referred. Tables for converting the 
apparent wind to true wind may also be found in MANMAR. 
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The Staie of Sea Photographs 


The photographs were taken by the Meteorological Branch personnel of the 
Canadian Ocean Weather Ships C.C.G.S. St. Catharines and C.C.G.S. Stonetown 
which occupy Ocean Weather Station “P” in the North Pacific Ocean at 50°N, 145°W, 
or approximetely 1,000 miles west of Vancouver. The ships man the station for alternate 
periods of 6 weeks. 

_The photographs were taken between March, 1960 and May, 1961. In this period 
a total of 247 photographs were obtained. Zeiss Ikon (24X34) cameras and Kodak 
Verichrome Pan film were used. 

Of the 247 pictures available, 2 pictures were chosen to illustra‘- ditions 
associated with each Beaufort force from force 1 to force 10. Gnly oro p sure was 
considered acceptable to illustrate force 0. No representative photogrnphs were avail- 
able to illustrate force 11 conditions, and no photographs were made of furce 12 
conditions. 

In selecting the pictures for presentation here, it was considered that they should 
meet two requirements. Firstly, a picture illustrating the effects of a given wind force 
should conform as closely as possible to the Sea Criterion for that force. Secondly, the 
wind prior to the time of the picture should be relatively steady both in direction and 
at the given force over many hours to ensure that near steady-state sea conditions for 
that force at the time of the picture existed. A large percentage of the photographs 
available were rejected because the wind at the time of the picture had not been blow- 
ing long enough to produce a disturbance of near steady-state proportion. 

The pictures which follow were judged to fulfill best the requirements stated above. 
Opposite each picture is the accompanying technical and other data appropriate to 
each. In addition to the wind at the time of the photograph, the wind at 3-hourly 
intervals over the previous 24 hours is also included. The height of the ships’ anemom- 
eters above the sea surface was approximately 60 feet. The synoptic weather situation 


at the time of the picture is described briefly, and otker comments are given when 
warranted. 
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APPENDIX X 
GEODESY FOR THE NAVIGATOR 


Xi. Geodesy may be defined as that science concerned with the exact positioning 
of points on the surface of the earth, and the determination of the cxact size and shape 
of the earth. It also involves the study of the variations of the earth’s gravity (art. 
X4), and the application of these variations to exact measurements on the earth. 

X2. Shape of the earth.— Although the irregular topographic surface (fig. K2a) 
is most apparent and is, in fact, the surface on which actual measurements are made, 
references to the earth’s shape are not made with respest to the topography but to 
a mean sea-level surface. ‘This surface, the geoid, is that surface to which the oceans 
would conform over the entire earth if free to adjust to the combined effect of the earth’s 
mass attraction and the centrifugal force of the earth’s rotation. As a result of the 
uneven distribution of the earth’s mass, the geoidal surface is irregular (fig. X2a). 

The geoid is a surface along which the gravity potential is everywhere equal and 
to which the direction of gravity is always perpendicular. The latter is particularly 
significant because optical instruments containing level devices are commonly used to 
make geodetic measurements. When properly adjusted, the vertical axis of the instru- 
ment coincides with the direction of gravity and is, therefore, perpendicular to the 
geoid. 

The equipotential surface or the geoid is what is meant when referring to the size 
and shape of the earth, but such “potato-shaped” surface has serious limitations as an 
earth model: (1) It has no complete mathematical expression; (2) If it could be de- 
fined by an infinite series of measurements, there would still be a problem because of 
small variations in surface shape with time; and (3) The irregularity of the surface 
would necessitate a prohibitive amount of computations and complicate the problem 
of representation on the fiat surface of a map. For geodetic and mapping purposes, it 
is therefore necessary to use a regular or geometric shape which provides a close ap- 
proximation to the shape of the geoid. 

Since the earth is in fact flattened slightly at the poles and bulges somewhat at the 
equator, the geometrical figure used in geodesy to most nearly approximate the shape 
of the earth is the oblate spheroid or ellipssid of revolution. This is the figure obtained 
by rotating an ellipse about its minor axis (fig. X2b). The ellipsoidal earth model has 
its minor axis parallel to the earth’s polar axis. nS aes 

An ellipsoid of revolution is uniquely defined by specifying two dimensions. f. 
Goedesists, by convention, use the semimajor axis and flattening. The size is represented 
by the radius at the equator, the semimajor axis. The shape of the ellipsoid is given 
by the flattening, which indicates how closely un ellipsoid approgches a spherical shape. : 

The flattening is the ratio of the difference between the semimajor and semiminor 
axes of the ellipsoid and the semimajor axis. If a and b represent the semimajor and 
semiminor axes, respectively, of the ellipsoid, and f is the flattening, 
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Figure X2b.—The ellipsoid of revolution. 


Ficure X3.—The geoid and two ellipsoids. 


AS shown in figure %2a, the surface of the geoid tends to rise under mountains 
and to dip above ocean basins. The separations of the geoid and ellipsoid are called 
geoidal heights, geoidal undulations, or geoidal separations. 

X3. Ellipsoids and the geoid.—Since the surface of the geoid is irregular and ‘he 
surface of the ellipsoid is regular, no one ellipsoid can provide other than an approxi- 
mation of part of the geoidal surface. As shown in figure X3, the ellipsoid that fits 
well in North America does not fit well in Europe. 

X4. Deflection of the vertical—Gravitation (art. 1407) is the mutual attraction 
between masses of matter. In geodesy, gravitation is the mutual attraction L2tween 
ae the earth and bodies on or near its surface. Gravity is that force which tends to pull 
: . bodies toward the earth. It is the resultant of two opposing forces: gravitation and the 
centrifugal force due to the rotation of the earth. 

The irregularities in density and heights of the material making up the surface 
crust of the earth result in slight alterations of the direction of gravity. These alters- 


tions are reflected in the irregular shape of the geoid, the surface of which is perpendicu- 
lar to the plumb line. 
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' Fictre X4.—Deflection of the vertical in the plane of the meridian. 





The deflection of the vertical is the angle at a point on the geoid between the 
vertical (direction of the plumb line) and the direction of the normal to the cilipsoid 
of reference. For simplicity, the deflection of the vertical is shown in figure X4 at a 
point where the two normals coincide. Deflection of the vertical is also celled station 
error. This deflection is usually resolved into two components, one in the plane of 
the meridian (art. 203) and the other in the plane of the prime verticat (art. 1430). 

X5. Coordinates.—The astronomic latitude is the angle between the plumb line at 
= : a Station and the plane of the celestial equator (fig. 5a). It is the latitude which re- 
-_ - sults directly from observations of celestial bodies, uncorrected for deflection of the 
vertical which, in the United States, may amount to as much as 25”. Astronomic 
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latitude applies only to positions on the earth, and is reckoned from the astronomic 

equator (0°), north and south through 90°. 

The astronomic longitude is the angle between the plane of the celestial meridian 
at a station and the plane of the celestial meridian at Greenwich. Jt is the longitude 
which results directly from observations of celestial bodies, uncorrected for deflection 
of the vertical, the prime vertical component of which, in the United States, may 
amount to more than 18’. 

; Astronomic observations are mede by optical instruments—theodolite, zenith 
camera, prismatic astrolabe—which all contain leveling devices. When properly ad- 
justed, the vertical axis of the instrument coincides with the direction of gravity and 
is, thereiore, perpendicular to the geoid. Thus, astronomic positions are referenced to = 

= the geoid. Since the gcoid is an irregular, nonmathematical surface, astronomic posi- 
tions are wholly independent of each other. 

The geodetic latitude is the angle which the normai to the ellipsoid at a station 
makes with the plane of the geodetic equator (fig. X5b). In recording a geodetic position, 
it is essential that the geodetic datum (art. XS) on which it is based be also stated. A : 
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geodetic latitude differs from the corresponding astronomic latitude + the amount of 
the meridional component of the local deflection of the versical. 

Geodetic longitude is the angle Letween the plane of the geodetic meridian at a 
station and the plane of the geodetic meridian at Greenwich. A geodetic longit ide 
differs from the corresponding astronomic longitude by the amount of the prirae- 
vertical component of the local deflection of the vertical divided by the cosine of 
the latitude. 

The geodetic coordinates are the ones used for mapping. 

Geographic latitude is a general term appiying alike to astronomic latitudes and 
geodetic latitudes. Geographic longitude is 2 general term applying alike to astronomic 
longitudes and geudetic tongitudes. 

Geocentris latitude is the angle at the center of the ellipsoid (used to represent 
the earth) between the plane of its equator and a straight line (or radius vector) to a 
point ou the surface of the ellipsoid. This differs from geodetic latitude because the 
earth is 2 spheroid rather than a sphere, and the meridians are ellipses. Since the 
parallels of latitude are considered to be circles, geodetic longitude is geocentric, and a 
separate expression is not used. The difference between geocentric and geodetic latitudes 
has a maximum of about 11'6 at latitude 45°. 

Because of the oblate shape of the ellipsoid, the length of a degree of geodetic 
latitude is not everywhere the same, increasing from about 59.7 nautical miles at the 
equator to about 6u.3 nautical miles at the poles, as shown by table 6. 

X6. Geodetic surveys.—The most common type of geodetic survey is known as 
triangulation (fig. X6a). Basically, triangulation consists of the measurement of the 
angles of & series of triangles. The princi, le of triangulation is based on simple trigo- 
nemstric procedures. If the distance along one side of the triangle and the angles at each 
end are accurately measured, the other two sides and the remaining angle can be com- 
puted. In practice all of the angles of every triangle are measured to provide exact 
data for use in computing the precision of the measurements. Also, the latitude and 

longitude of one end of the measured side along with the length and direction (azimuthy 
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riovre X5a.—Astronomic coordinates. 
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AXIS OF ROTATION OF ELLIPSOID 
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Fieure X5b.— Geodetic coordinates. 


of the side provide sufficient data to compute the latitude and longitude of the other 
end of the side. 

The measured side of the base triangle is called a baseline. Measurements are 
made as carefully and accurately as possible with specially calibrated tapes or wires of 
Invar, an alloy, highly resistant to changes in length resulting from changes in tem- 
perature. The tape or wires are checked periodically against standard measures of 
length (at the Bureau of Standards in the United States and corresponding agencies 
in other countries). The Geodimeter and Tellurometer, operating on optical and elec- 
tronic principles, respectively, are replacing the older methods of base measurement 
since the work can be completed more rapidly and economically than with wire or 
tape. 

To establish an arc of triangulation between two widely separated locations, the 
baseline may be measured and longitude and latitude determined for the initial points 
at each location. The lines are then connected by a series of adjoining triangles forming 
quadrilaterals extending from each end. All angles of the triangles are observed re- 
peatedly to reduce errors. With the longitude, latitude, and azimuth of the initial 
points, similar data is computed for each vertex of the triangles, thereby establishing 
triangulation stations or geodetic control stations. The coordinates of each of the stations 
are defined as geodetic coordinates. 

Triangulation is extended over large areas by connecting and extending series of 
arcs to form a network or triangulation system. The network is adjusted in a 
manner which reduces the effect of observational errors to a minimum. A denser dis- 
tribution of geodetic control is achieved in a system by subdividing or filling in with 
other surveys. 

There are four general classes or orders. of triangulation. First-order (primary) 
triangulation is the most precise and exact type. It uses the most accurate instruments 
and ‘rigorous computation methods. It is costly and time-consuming and is usually 
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Ficurr X6a.—Triangulation, trilateration, and traverse. 





of the figure of the earth. No precaution is ignored in making the linear and angular 
measurements, or in the computations. The most accurate first-order surveys furnish 
control points which can be interrelated with an accuracy ranging from 1 part in 25,000 
over short distances to approximately 1 part in 100,000 for long distances. 

Second-order triangulation furnishes points closer together than in the primary 
network. While second-order surveys may cover quite extensive areas, they are usually 
tied to a primary system where possible. The procedures are less exacting and the 
proportional error is 1 part in 10,000. 

Third-order triangulation is run between points in a secondary survey. It is used 
to densify local control nets and thereby position the topographic and hydrographic 
detail of the area. Triangle error can amount to 1 part in 5,000 in third-order triangu- ; 
lation. o Nee 

The sole accuracy requirement for fourth-order triangulation is that the positions Sat 
be located without any appreciable error on maps compiled on the basis of the control. aes 
Fourth-order control is executed primarily as mapping control. 

Trilateration involves the messuring of the sides of a chain of triangles or other - 
polygons. From them, the distance and direction from A to B (fig. X6a) can be com- 


used to provide the basic framework of control data for an area and the determination | 














: puted. 2 
} Traverse involves measuring distances, and the angles between them, without | = 
=e ; triangles for the purpose of computing the distance and direction from A to B (fig. X6a). | ta 
| ° 
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Vertical surveying is the process of determining elevations above the mean sea- 
level surface. In geodetic surveys executed primarily for mapping purposes, there is 
no problem in the fact that geodetic positions are referred to an ellipsoid, and the in, 
elevations of the positions are referred to the geoid. However, for certain other purposes 
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such as satellite geodesy, the geoidal heights must be taken into account to establish 
the correct height above the ellipsoid. 

Precise geodetic leveling is used to establish a basic network of vertical control 
points. From these, the height of other positions in the survey can be determined by 
supplementary methods. The mean sea-level surface used as a reference (vertical datum) 
is determined by obtaining an average of the hourly water heights for a specified period 
of time at specified tide gages. 

There are three leveling techniques—differential, trigonometric, and barometric— 
which yield information of varying accuracy. Differential leveling is the most accurate 
of the three methods. With the instrument locked in position, readings are mide on 
two calibrated staffs held in an upright position ahead of and behind the instrument 
(fig. X6b). The difference between readings is the difference in elevation between the 
points, 

The ontical instrument used for leveling contains a bubble tube to adjust it in a 
position ,..rallel to the geoid. When properly “set up” at a point, the telescope is 
locked i - perfectly horizontal (level) position so that it will rotate through a 360° arc. 
The exact elevation of at least one point in a leveling line must be known and the rest 
computed from it. 

Trigonometric leveling involves measuring a vertical angle from a known distance 
with a theodolite and computing the elevation of the point. With this method, vertical 
measurement can be made at the same time horizontal angles are measured for triangula- 
tion. It is, therefore, » somewhat more economical method but less accurate than 
differential leveling. It is often the only practical method of establishing accvrate 
elevation control in mountainous areas. 

In barometric leveling, differences in height are determined by measuring the 
differences in atmospheric pressure at various elevations. Air pressure is measured by 
mercurial or aneroid barometer, or a boiling point thermometer. Although the degree of 
accuracy possible with this method is not as great as either of the other two, it is a method 
which obtains relative heights very rapidly at points which are fairly far apart. It is 
widely used in reconnaissance and exploratory surveys where more exacting measure- 
ments will be made later or are not required. 

X7. Reference ellipsoids.—A number of reference ellipsoids are used in geedesy 
and mapping because an ellipsoid is mathematically simpler than the geoid. Some of 
these ellipsoids and areas where used are as follows: 

Clarke 1866 (North and Central A.nerica, Greenland) 

International 1924 (Hayford 1909) (Europe, various countries in South 
America) 

Modified Clarke 1880 (Africa) 

Everest 1830 (India, Southeast Asia, Indonesia) 

Bessell 1841 (China, Korea, Japan) 

Krasovskiy 1942 (U.S.S.R. and adjacent countries) 

Australian National 1965 (Australia) 

South American 1969 (South America). 

Reference ellipsoid constants are given in appendix D. 

In the late 1950’s, an earth model fitting the world as a whole was needed for 
manned space flights. The National Aeronautics and Space Administration, and the 
Department of Defense selected the Fischer Ellipsoid 1960 (Mercury Datum) for this 
program. A modification of the Mercury Datum in 1968 produced the Fischer Ellipsoid 
1968, having a semimajor axis of 6,378,150 meters and a flattening of 1/298.3. The 
geoidal heights are shown in figure X7. These heights range from about 80 meters below 
the ellipsoid to about 60 meters above. 
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DIFFERENTIAL LEVELING 


LINE OF SIGHT 
1S HORIZONTAL KNOWN DATA: 
(LEVEL) Elevation of starting point, A. 






MEASURED DATA: 
Elevation differences, a b,¢ d, ete. 


COMPUTED DATA: 
Elevation of B, C, and all other points. 


TRIGONOMETRIC METHOD 


THEODGUITF 
KNOWN DATA: 


Elevation of starting point, A. 
Horizontal distances, d), dz 
between points. 


MEASURED DATA: 
All vertical angles. 


COMPUTED DATA: 
Elevation of B, C, and all other points. 


MEAN SEA LEVEL 


BAROMETRIC METHOD 


KNOWN DATA: 
Elevation of starting point A. 
Meteorological data. 





ANEROID 


BAROMETER MEASURED DATA: 


Air pressure at A, B, C, and all other points. 










COMPUTED DATA: 
Elevation of B, C. and all other points. 
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Ficure X6b.—Methods of elevation determinztion. 
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Fieure X7.-—Geoidal heights. 


X8. Geodetic datum.—A datum iz defined as any numerical or geometrical quantity 
or set of such quantities which may serve as a reference or base for other quantities. 

In geodesy two types of datums must be considered: a horizontal datum which 
forms the basis for computations of horizontal control surveys in which the curvature 
of the earth is considered, and a vertical datum to which elevations are referred. In 
other words, the coordinates for points in specific geodetic surveys and triangulation 
networks are computed from certain initial quantities (datums). 

A horizontal geodetic datum consists of the astronomic and geodetic latitude, 
and astronomic and geodetic longitude of an initial point (origin); an azimuth of a 
line (direction); the parameters (radius and flattening) of the ellipsoid selected for 
the computations; and the geoidal separation at the origin. A change in any of these 
quantities affects every point on the datum. For this reason, while positions within 
a system are directly and accurately relatable, those from different datums must be 
transformed to a common datum for consistency. 

Just as horizontal surveys are referred to specific original conditions (datums), 
verticai surveys are also related to an initial quantity or datum. Elevations are referred 
to the geoid because the instruments used either for differential or trigonometric 
leveling (art. X6) are adjusted with the vertical axis coincident to the local vertical. 
As with horizontal datums, there are many discrepancies among vertical datums. 
There is never more than 2 meters variance between leveling nets based on different 
mean sea-level datums; however, elevations in some areas are related to surfaces 
other than the geoid; and barometrically determined heights are usually relative. 

X9. Orientation of ellipsoid to geoid—The selection of the reference ellipsoid 
provides two quantities of the geodetic datum: semimajor axis and flattening of the 
ellipsoid. The simplest means of vbtaining the remaining quantities to establish the 
geodetic datum is to select a first-order triangulation station, preferably one located 
near the center of a trianguletion network, to serve as the datum origin. Then the 
astronomical coordinates of the station and the astronomical azimuth of a line from the 
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station to another control station are observed. The observed astronomical coordinates 
and azimuth are adopted without any correction as the geodetic coordinates and azi- 
muth of the datum origin on the reference ellipsoid. Further, the geoid and ellipsoid 
are assumed to coincide at that point. This means that the deflection of the vertical 
and separation between the ellipsoid and geoid are defined as zero at the origin. By 
using this single astronomical station datz orientation, the normal to the ellipsoid is 
arbitrarily made to coincide with the plumb line at the datum origin (fig. X9). 

Although the computed positions will be correct with respect to each other in this 
type of orientation, the entire net will be shifted with respect to the axis of the earth. 
This is not significant for local use of the positions but may introduce large systematic 
errors as the survey is expanded. 

It should be noted that although the deflection of the vertical end the geoidal 
height are defined as zero at the origin, deflections will occur at other positions within 
the network. Therefore, when comparing the geodetic latitude and iongitude of any 
other point in the net with the corresponding astronomic latitude and longitude of 
that point, systematic discrepancies will appear between the two sets of values. 

A datum oriented by a single astronomical point may produce large systematic 
geoidal separations. The ellipsoid is not earth-centered and its rotational axis is not 
coincident with the axis of the earth. The inconvenience of such an orientation is that 
the positions derived from different astronomically oriented datums are not directly 
comparable to each other in any geodetic computation. 

In the astrogeodetic datum orientation, the geoid and ellipsoid are oriented so that 
the sum of the squares of geoidal separations and several deflections of the vertical 
selected throughout the geodetic network is made as sniall as possible. Astrogeodetic 
datums are better suited over larger areas than thoce oriented by a single astronomic 
position because the separation between ellipsoid and geoid is minimized for a best fit. 

X10. Datum connection.—In areas of overlapping geodetic triangulation networks, 
each computed on a different datum, the coordinates of the points given with respect to 
one datum will differ from those given with respect to the other. The differences can be 
used to derive transformation formulas. 

Datums are connected by developing transformation formulas at common points, 
either between overlapping control networks or by satellite connections. 

X11. Preferred datums.—Different countries developed their own geodetic datums 
which usually differed from those of their neighbors. Accordingly, national maps did 
not agree along the borders with those of the neighboring countries. 

As military distance requirements increased, positioning information of local or 
even national scope became unsatisfactory. The capabilities of the various weapon 
systems increased until datums of at least continental limits were required. The best 
solution was the establishment of a preferred datum for an area and adjusting all local 
systems to it. The North American, Ordnance Survey of Great Britain, European, 
Tokyo, and Indian Datums are some of those selected for this purpose. 

The North American Datum, 1927, is used in the United States. The origin is at 
Meades Ranch, Kansas. The datum is computed on the Clarke Ellipsoid 1866 which 
was oriented by a modified astrogeodetic method. The system incorporates Canada, 
Mexico, the West Indies, Greenland, and Central America. 

The origin of the European Datum is at Potsdam, Germany. Numerous national 
systems have been joined into a large datum based upon the International Ellipsoid 
1924 which was oriented by a modified astrogeodetic method. European, African, and 
Asian triangulation chains were connected. African arc measurements from Cairo to 
Cape Town were completed. Thus all of Europe, Africa, and Asia are molded into one 
great system. Through common survey stations, it was also possible to convert data 
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Ficguer X9.—Single astronomical station datum orientation. 
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frum the Russian Pulkova 1932 system to the European Datum, and as a result the 
European Datum includes triangulation as far east as the 84th meridian. Additional ties 
across the Middle East have permitted connection of the Indian and European Datums. 

The Ordnance Survey of Great Britain 1936 Datum has no point of origin. The 
datum was derived as 2 best fit between retriangulation and original values of 11 
points of the earlier Principal Triangulation of Great Britain (1783-1853). 

The Tokyo Datum has its origin in Tokyo. It is defined in terns of the Bessel 
Ellipsoid and oriented by means of a single astronomic station. By means of triangu- 
lation ties through Korea, the Japanese datum is connected with the Manchurian 
datum. Unfortunately, Tokyo is situated on a steep slope on the geoid, and the single- 
station orientation has resulted in large systematic geoidal separations as the system is 
extended from its initial point. 

The Indian Datum is accepted as the preferred datum for India and several adjacent 
countries in Southeast Asia. It is computed on the Everest Ellipsoid with its origin at 
Kalianpur in Central India. 

Derived in 1830, the Everest Ellipsoid is oae of the oldest of the ellipsoids in 
common use and is much too small. As o result, the datum cannot be extended too far 
from the origin or very large geoidal separations will occur. For this reason and the 
fact that the ties between local triangulation in Southeast Asia are typically weak, 
the Indian Datum is probably the least satisfactory of the preferred datums. 

X12. World Geodetic Syatem.—The Department of Defense (DoD) in the late 
1950’s generated a geocentric reference system to which different geodetic networks 
could be referred, and compatibility established between the coordinates of sites of 

interest. Efforts of the Army, Navy, and Air Force were combined leading to the 
development of the DoD World Geodetic System 1960 (WGS 60). In accomplishing 
WGS 60, a combination of available surface gravity data; astrogeodetic data, and 
results from Hiran and Canadian Shoran surveys were used to obtain a best-fitting 
ellipsoid for the major datum areas. The sole contribution of satellite data to the 
development of WGS 60 was the value for the ellipsoid flattening (1/298.3+0.1), 
which was obtained from the nodal motion of Satellite 19588. The semimajor axis of 
the WGS 60 Ellipsoid was determined as 6,378,165+50 meters. 

In January 1966, a World Geodetic System Committee was charged with the re- 
sponsibility for developing an improved WGS needed to satisfy mapping, charting, and 

geodetic requirements. Additional surface gravity observations, results from the exten- 
sion of triangulation and trilateration networks, and large amounts of doppler and 
optical satellite data had become available since the development of WGS 60. Using 
the additional data and improved techniques, the Committee produced WGS 66 which 
served DoD needs following its implementation in 1967. The defining parameters of 
the WGS 66 Ellipsoid were the flattening (1/298.25+0.02), determined from satellite 
data, and the semimajor axis (6,378,145 20 meters), determined from a combination 
of doppler satellite and astrogeodetic data involving & geoid-match technique. A 24th 
degree and order geopotential coefficient set. derived from a harmonic analysis of a 
worldwide 5°X5° mean free air gravity anomaly field was selected as the WGS 66 
Gravitational Model. This geopotential coefficient set was also used in a spherical hr- 
monic expansion to obtain the Worldwide WGS 66 Geoid. Also, a geoid referenced to 
the WGS 66 Ellipsoid, providing a detailed representation for limited Jand areas, was 
derived from availalle astrogeodetic data. Datum shift constants for the North Ameri- 
can Datum 1927, uropean Datum, and Tokyo Datum were obtained for each datum. 

The same World Geodetic System Committee began work in 1970 to develop a 
replacement for WGS 66. Since the development of WGS 66, large quantities of addi- 
tional data had become available from both doppler and optical satellites, surface gravity 
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surveys, triangulation and trilateration surveys, high precision traverses, and astro- 
nomic surveys. In addition, greater capabilities had been developed in both computers 
and computer software. Further, continued research in improved computational pro- 
cedures and error analyses had produced better methods and a greater facility for han- 
dling and combining data. 

After an extensive effort extending over a period of approximately 3 years, the 
Committee completed the development of the Departmeut of Defense World Geodetic 
System 1972 (WGS 72). Selected satellite, surface gravity, and astrogeodetic data 
available through 1972 from both DoD and non-DoD sources was used in a Unified 
WGS Solution (a large scale least squares adjustment). The results of the adjustment 
consists of corrections to initial station coordinates and geopotential coefficients. 

In determining the WGS 72 Ellipsoid and associated parameters, the Committee 
decided quite early to closely adhere to the approach used by the International Union 
of Geedesy and Geophysics (IUGG) in establishing the Geodetic Reference System 
1967 (GRS 67). Accordingly, an equipotentiai ellipsoid of revolution was taken as the 
form for the WGS 72 Ellipsoid. An equipotential ellipsoid is simply an ellipsoid defined 
to be an equipotential surface; i.e., a surface on which all values of the potential are 
equal. Given an ellipsoid of revolution, it can be made an equipotential surface of a 
certain potentiai function, the normal gravity potential, U. This normal gravity po- 
tential can be uniquely determined, independent of the density distribution within the 
ellipsoid, by using any system of four independent parameters as the defining constants 
of the ellipsoid. To determine the normal gravity potential without resorting to the 
use of a mass distribution model for the ellipsoid, U can be expanded into a series of 
zonal ellipsoidal harmonics of linear eccentricity in (a?—b*)!*. The coefficients in the 
series are determined by using the condition that the ellipsoid is an equipotential sur- 
face (U=constant). Since all the zonal coefficients vanish, except the two of degree 
zero and two, a closed finite expression is obtained for U. Normal gravity (7), the gradi- 
ent of U, is given at the surface of the ellipsoid by the closed formula: 





— 2%. 608" ¢+by, sin? ¢ 
(@ cos? 6+6? sin? ¢)!? 
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where @ is the semimajor axis, 6 is the semiminor axis, 7, is the normal gravity at the 
equator, 7» is the norma: gravity at the poles, and ¢ is the geodetic latitude. 

Thus the equipotential ellipsoid serves not only as the reference surface or geo- 
metric figure of the earth but leads to a closed formula for normal gravity at the el- 
lipsoidal surface, a formula easily modified for spatial applications. ih 

Consistent with the IUGG definition of GRS 67, the Committee took the four |. A 
defining parameters of the WGS 72 Ellipsoid to be the semimajor axis (a), the earth’s i “¢ 
gravitational constant (Gf) and angular velocity (w), and the second degree zonal | =” 
harmonic coefficient of the geopotential (C2). Cther parameters associated with the 
ellipsoid, such as the semiminor axis (6) and the flattening (f), including the normal 
gravity formula, are calculated using the defining parameters. These and other param- 
eters associated with the ellipsoid are given in table X12. 
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Parameters 


i ; | 
Notation : Magnitude : Standard error 
(68.27%) 


—_—— eee 
: # 


Gravitational constant | GM | 398600.5 km/sec?‘ 40.4 
; Second degree zonal Cro |: —484.1605x1078 i 
| Anguiar velocity @ | 0.7292115147x10-* =; £0.1x10"" 


AGGIES 


| i rad/sec : 

i Semimajor axis a | 6378135 meters = | $5 

| Flattening | =f =~} 1/298.26 | +0.6x107? 

| Equatorial gravity | Ye ~~, 978033.26 mgal = | 1.8 
(Absolute system). | ! i 


$d —_ 
; Gravitational constant GM! ! 398v00.8 km/sec? | +0.4 

: | (Mass of earth’s | i ' 

$ atmosphere included). 





Taste X 12.—Geodetic and geophysical parameters of World Geodetic System 1972 ellipsoid. 
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APPENDIX Y¥ 
BUOYAGE SYSTEMS 


With modifications, two systems of buoyage have been in general use throughout 
the world from 1936 to 1977. These are the lateral system and the cardinal system. 

The lateral system is best suited for well-defined channels. The location of each 
buoy indicates the direction of the danger it marks relative to the course which should 
normally be followed. Thus, a buoy which should be kept on the port hand lies between 
the vessel and the danger when the buoy is abeam to port, approximately. 

In principle, the positions of marks in the lateral system are determined by the 
general direction taken by the mariner when approaching a harbor, river, estuary, or 
other waterway from seaward, and may also be determined with reference to the main 
stream of fiood current. The application of this principle is defined, as required, by 
nautical documents such as sailing directions. 

The cardinal system is best suited for coasts with numerous rocks, shoals, and 
islands, and for dangers in the open sea. The location of each buoy indicates the ap- 
proximate true bearing of the danger it marks. Thus, an eastern quadrant buoy marks 
a danger, such as a shoal, which lies to the west of the buoy, approximately. 

Although almost all of the major maritime nations have used either the lateral or 
the cardinal system for many years, details such as the shapes and colors of the buoys, 
and the cnaracteristics and colors of lighted aids generally have varied from country 
to country. With the passage of time and the increase in maritime communication 
between countries, the desirability of a uniform system of buoyage has become in- 
creasingly apparent. Consequently, over the past century a number of attempts have 
been made to standardize the various systems of buoyage. International conferences 
have been held on the subject and recommendations have been made. These recom- 
mendations have often been conflicting, however, and although the differences in the 
various methods as applied to the cardinal system are comparatively slight, two distinct 
methods of applying the lateral system have evolved. The major discrepancy has 
been in the colors of the buoys and of their lights. 

In 1889, the Internctional Marine Conference held in Washington, D.C., recom- 
mended that in the lateral system starboard hand buoys be painted red and port hand 
buoys black. With the introduction of lighted aids to navigation, these recommends- 
tions logically Jed to the use, by nations which had accepted the recommendation, of 
red or white lights on the starboard side and green or white lights on the port side. 

In 1936, a League of Nations subcommittee recommended a colozing system 
diametrically opposed to the 1889 proposal. This is part of the Uniform System, and 
it provides fur black buoys with green or white lights on the starboard side and red 


buoys with red or white lights on the port side. 
Most maritime countries using the lateral system have adopted one of these two 
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systems, usually with small variations. Until 1977 it could be said that, cery generally, 


European countries follawed the Uniform System of 1936 and most other countries | 


followed the system proposed in 1889. 


In 1973, new terms of reference were given to the Technical Committee of the 


International Association of Lighthouse Authorities (IALA), which had been studying 
various projects, includis¢ buoyage, for the previous § years. [ALA, a nongovernmental 
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body which brings together representatives from the aids to navigation services in order 
to exchange information and recommend improvements to aids to navigation based on 
the latest technology, has decided that a single worldwide system of buoyage cannot be 
achieved at present but considers that the use of only two alternative systems is practi- 
cable. The two systems are termed: IALA Maritime Buoyage System ‘A’—Combined 
Cardinal and Lateral System (Red to Port); IALA Maritime Buoyage System: ‘B’— 
Lateral System only (Red to Starboard). 

While System ‘B’ is still being studied, the rules of System ‘A’ have been completed 
and have the support of the Inter-governmentai Maritime Consultative Organization 
(IMCO). Implementation of System ‘A’ will begin in the waters of northwest Europe 
in 1977. 

It is expected that the following countries will adopt System ‘A’: 


Belgium Nerway 

Denmark Poland 

Federal Republic of Germany Republic of Ireland 
rance Sweden 

German Dermecratic Republic United Kingdom 

Netherlands USS.R. 


United States Syatem 


The waters of the United States are marked by the lateral system of buoyage 
recommended by the International Marine Conference of 1889. As all channels do not 
lead from seaward, arbitrary assumptions are at times made in order thet the system 
may be consistently applied. Along the sea coasts of the United States, the character- 
istics are based upon the assumption that proceeding “from seaward” constitutes a 
clockwise direction: a southerly direction al:ng the Atlantic coast, a northerly and 
westerly direction along the gulf coast, and a northerly direction along the Pacific coast. 
On the Great Lakes, a westerly and northerly direction is taken as being “from seaward” 
(except on Lake Michigan, where a southerly direction is used). On the Mississippi and 
Ohio Rivers and their tributaries, the characteristics of aids to navigation are determined 
gs proceeding from sea toward the head of navigation. On the Intracoastal Waterway, 
proceeding in a generally southerly direction along the Atlantic coast and in a generally 
westerly direction along the gulf coast is considered as proceeding “from seaward.” 

The continuation of the lateral system along the coasts in the order indicated refers 
only to the side of the vessel on which buoys are to be kept, as indicated by color, shape, 
and light, if any; there is no numerical continuity between coast buoys. In fairways and 
channels, however, buoys are numbered consecutively from seaward. 

In the United States System, lighted buoys, bell buoys, whistle buoys, and combi- 
nation buoys differ in shape (fig. 409a) from the unlighted buoys shown in this appendix, 
but not in color or marking. 

In the Mississippi River, the numbering and lighting of buoys differ from that 
shown under “Fairways and Channels.” 

The United States System is discussed in more detail in chapter IV 


Uniform System 


As recommended by the League of Nations in 1936, a country uses the Uniform 
Lateral System or the Uniform Cardinal System, or both, according to its requirements 
or preference. When both are used, the transition from one to the other must be clearly 
indicated in appropriate publications, such as sailing directions, or by suitable buoyage 
marks. 
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Both the Uniform Lateral System and the Uniform Cardinal System employ 
topmarks as an additional means of identification. Unless otherwise stated in this 
appendix, a topmark is painted the darker of the colors used on the buoy. They are 
optional in every case except on wreck buoys in the Uniform Cardinal System. Topmarks 
are not used in the United States System. 

Tb both the Uniform Lateral System and the Uniform Cardinal System, lighted 
buoys have the same shape as the unlighted buoys shown. 

In both the Uniform Lateral System and the Uniform Cardinal System, a quick 
flashing light is regarded as a single flashing light. 

The numbering or lettering of fairway and channel buoys is an optional feature 
of the Uniform Lateral System. In the United States System these buoys are always 


numbered, commencing from seaward. : 
IALA MARITIME BUOYAGE SYSTEM ‘A’ 


: Combined Cardinal and Lateral System 
: (Red to Port) 


Ee General 


System ‘A’ applies to all fixed and floating marks, other than lighthouses, sector 
lights, leading lights and marks, lightships and large navigational buoys (lighthouse 
. buoys), and serves to indicate: 
- 1. the sides ard centerlines of navigable channels; 

2. natural dangers and other obstructions, such as wrecks; 

3. areas in which navigation may be subject to regulation; 

4. other features of importance to the mariner. 

It should be understood that most lighted and unlighted beacons, other than 
| leading marks, are included in the system. In general, beacon topmarks will have the 
_ same shape and coiors as those used on buoys. (Because of the variety of beacon struc- 
tures, the accompanying diagrams show mainly buoy shapes.) 

The system provides fire types of marks which may be used in any combination: 

1. lateral marks indicate the port and starboard hand sides of channels; 

2. cardinal marks, used in conjunction with the compass, indicate that the navi- | 
gable water lies to the named side of the mark; | 

3. isolated danger marks erected on, or moored directly on or over, dangers of { 
limited extent; : 

4. safe water marks, such as mid-channel! buoys; and 

5. special marks, the purpose of which is apparent from reference to the chart or 
other nautical documents. ie 

Marks currently used which will 5c superseded include those which indicate, - - 
wrecks, middle grounds, secondary chanicls. bifurcations, and junctions; there are 
no special “landfall” or “transition” marks in System ‘A’. There is no differentiation — 
between the marks for such special features as spoil grounds, anchorages, cable areas, ~ 
and military exercise areas, all of which will be marked by vellow buoys which may, in ~~ < = 

addition, carry lettering to indicate the purpose of the buoy. 
The significance of a mark depends on one or more features: 
by: 1. by day—color, shape, and topmark; i. 

2. by night—light color and phase characteristics. 

Red and green (without stripes or bands) are reserved, respectively, for port and 
starboard lateral marks, and yellow for special marks. The ucner types of marks have 
nm os horizontal bands or vertical stripes, as described later. 
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APPENDIX ¥: BUOYAGE SYSTEMS 1313 


There are five basic buoy shapes, namely, can, conicel, spherical, pillar, and spar. 
In the case of cs2, conical, and spherical, the shape indicates the correct side to pass. 
With pillar and spar buoys, the shape has no such special significance. 

The term “pillar” is used to describe any buoy which is smaller than a “lighthouse 
buoy” and which has a tall, central structure on a broad base; it includes beacon buoys, 
high focal plane buoys, and others (except spar buoys) whose body shape does not 
indicate the correct side to pass. 

It must be understood that much existing equipment will be used in the new system 
including, for example, light-floats. Variations on the basic shapes will therefore be 
feuly common but, by day, the colors and topmarks should prevent ambiguity. 

System ‘A’ makvs use of can, conical, spherical, and X-shaped topmarks only. 
Topmarks on pillar and spar buoys are particularly important and will be used wherever 
practicable, but ice or other severe conditions may occasionally prevent their use. 

Where marks are lighted, red and green lights are reserved, respectively, for port 
and starboard lateral marks, and vellow for special marks. The other types of mark 
have a white light, discinguished once from another by phase characteristic. 

Red and green lights muy have any phase characteristic, as the color elone is 
sufficient to show on which side they should be passed. Special marks, when lighted, 
have a. yellow light with any phase characteristic uot reserved for white lights of the 
system. The other types of mark have clearly spzcified phase characteristics of white 
light: various quick flashing phase characteristics for cardinal marks, group flashing 
(2) for isolated danger marks, and relatively long periods of light for safe water 
marks. 

Single fixed lights (often found on -hore marks at present) are being discontinued 
in the United Kingdom because of the possibility of confusion with ships’ lights 


Lateral Marks 


Lateral marks are generally used for well-defined channeis; {* y indicate the 
port and starboard hand sides of the route to be followed, and are used in conjunction 
with a conveniional direction of buoyage. 

This direction is defined in one of two ways: 

1. local directios -.f buoyage—-the dirsvtin taken by the mariner when approaching 
a harbor, river estuary, or other waterway from seaward; 

2. general direction of buoyage—in other areas, a direction determined by the 
huoyage authorities, following a clockwise direction around continental lenumasses, 

‘en in sailing directions and, if necessary, indicated on charts by a symbol. 

Sround the British Isles the general direc’ion of buoyage will run northward 
along the west coasts and through the Irish Sea, eastward through the English Channel, 
and northward through the North Sea. This will reverse the former direction of buoyage 
in certain areas, including the east coasts of England and Scotland from Orfordness 
to the Shetlaad Islands. 

A port hard mz.“k is colored red and its basic shape is can, for either buoy body 
or topmark, or both. 

A starboard hend mark is normally colored green, and its basic shape is conical, 
for either buoy bedy ur topmark (point up), or both. 

By night a port hand buoy is identifiable by its red light, and a starboard banc 
buoy by its green light; and phase characteristic (flashing, occulting, etc.) may be used. 

The lateral colors of red or green will frequently be used for minor shore lights, 
su'. as thuss marking pierheads and the extremities of jetties. In British waters, 
to avoid confusion with the navigation lights of ships, minor lights, if fixed, will be 
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shown in pairs, disposed vertically. Alternatively, single red or green lights will be 
flashing or occulting. 

Variations on the simple system will occur in particular instances: Starboard 
hand marks may exceptionally bo colored black instead of green, but not in the United 
Kingdom. 

In some places, particularly straits (boing open at both onds), the local direction 

~ of buoyage may bo over-ridden by the general direction. 

Special marks, with can and conical shapes but painted yellow, may be used in 
conjunction with the standard lateral marks for special types of channel marking. 


Cardinal Marks 


A cardinal mark is used in conjunction with the compass to indicate where the 
mariner may find the best navigable water. It is placed in one of the four quadrants 
(north, east, south, and west), bounded by the true bearings NW-NE, NE-SE, SE-SW, 
and SW-NW, taken from the point of interest. A cardinal mark takes its name from 
the quadrant in which it is placed. 

The mariner is safe if he passes north of a north mark, east of an east mark, south 
of a south mark, and west of a west mark. 

A cardinal mark may be used to: 

1. indicate that the deepest water in an aroa is on the named side of the mark; 

2. indicate the safe side on which to pass a danger; and 

3. draw attention to a featuro in a channel such as a bend, junction, bifurcation, 
or end of.a shoal. 

Black double-cone topmarks aro tho most important feature, by day, of cardinal 
marks; the arrangement of the cones must be memorized. Note that for north tho point 


of each cone is up, and for south the point of cach cone is down. The resemblance of the | 


double-cone topmarks for west to a wineglass may serve as a useful memory aid. 

Cardinal marks carry topmarks whenever practicable, with the cones as large as 
possible and clearly separated. 

Black and yellow horizontal bands are used to color a cardinal mark. The position 
of the black band, or bands, is related to the points of the black topmarks, thus: 

North—Points up—Black band above yellow band. 

South—Points down—Black band below yellow band. 

West—Points inward—Black band with yellow bands above and below. 
East—Points outward—Black bands above and below yellow band. 

Theo shape of a cardinal mark is not significant, but in the case of a buoy : ill be 
pillar or spar. 

When lighted, 2 cardinal mark exhibits a white light; its characteristics are — ased 
on # group of quick or very quick flashes which distinguish it as a cardinal mar< and 
indicate its quadrant. 

The distinguishing quick or very quick flashes are: 

North—Uninterrupted. 
East—threo flashes in a group. 
South—six flashes in a group followed by a long flash. 
West—nine flashes in a group. 
As a memory aid, tho number of flashes in each group can be associated with a clock 
afuce (3 o’clock—E, 6 o’clock—S, and 9 o’clock—W). 

The long flash (of not less than 2 seconds duration), immediately follo. ng the 
group of flashes of » south cardinal mark, is to ensure that its six flashes cx not be 
mistaken for three or nine. 
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The periods of the east, south, and west lights are, respectively, 10, 15, and 15 
seconds if quick flashing; and 5, 10, and 10 seconds if very quick flashing. 

Quick flashing lights at the rate of either 60 or 50 flashes per minute: very quick 
flashing lights at the rate of either 120 or 100 flashes per minute. 

It is necessary to have a choice of quick flashing or very quick fiashing lights in 
order to avoid confusion if, for example, two north buoys are placed near enough to cach 
other for ore to be mistaken for the other. 


Isolated Danger Marks 


An isolated danger mark is erected on, or mocred on or above, an isolated danger 
of limited extent which has navigable water all around it. The extent of the surrounding 
nav’ ible water is immaterial: such a mark can, for example, indicate either a shoal 
wh 3 well offshore or an islet separated by a narrow channel from the coast. 

Un a chart, the position of a danger is the center of the symbol or sounding in- 
dicating it; an isolated danger buoy will inevitably therefore be slightly displaced on the 
chart. 

A black double-sphere topmark is, by day, the most important feature of an isolated 
danger mark and, whenever practicable, this topmark will be carried, with the spheres 
as large as possible, disposed vertically, and clearly separated. 

Black with one or more red horizontal bands are the colors used for isolated danger 
marks. 

The shape of an isolated danger mark is not significant, but in the case of a buoy 
will be pillar or spar. 

When lighted, a white flashing light showing a group of two flashes is used to 
denote an isolated danger mark. ‘The association of two flashes and two spheres in the 
topmark may be a nelp in remembering these characteristics. 


Safe Water Marks 


A safe water mark is used to indicate that there is navigable water all around 
the mark. Such a mark may be used as a centerline, mid-channel, or landfall buoy. 

Red and white vertical stripes are used for safe water marks, end distinguish them 
from the black-banded, danger-merking marks. 

Spherical, pillar, or spar buoys may be used as safe water marks. 

A single red sphere topmark will be carricd, whenever practicable, by a pillar 
or spar buoy used as a safe water mark. 

When lighted, safe water marks exhibit a while light, occulting, or equal interval 
(i vphase), or showing a single long flash. If a long flash (i.e. a flash of not less than 
2 seconds) is used, the period of the light will be 10 seconds. 

The association of a singic flash and a single sphere in the topmark may be a help 
in remembering these characteristics. 


Special Marks 


A special mark may be used to indicate to the mariner a special area or feature, 
the nature of which is apparent from reference to a chart, sailing directions, or noticas 
to mariners. Uses include: 

1. Ocean Date Acquisition System (ODAS), ic. buoys carrving oceanographic 
or meteorological sensors; 

2. traffic separation marks; 

3. spoil ground marks; 
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1316 APPENDIX Y: BUOYAGE SYSTEMS 


4. military exercise zone marks; 

5. cable or pipeline marks, including outfall pipes; and 

6. recreation zone marks. 

Another function of a special mark is to define a channel within a channel. For 
example, a channel for deep draft vessels in a wide estuary, where the limits of the 
channel for normal navigation are marked by red and green lateral buoys, may have 
the boundaries of the deep channel indicated by yellow buoys of the appropriate lateral 
shapes, or its centerline marked by yellow spherical buoys. 

Yellow is the color used for special marks. 

The shape of a special mark is optional, but must not conflict with that used for a 
lateral or a safe water mark. For example, an outfall buoy on the port hand side of a 
channel could be can-shaped but not conical. 

When a topmark is carried it takes the form of a single yellow X. 

When a light is exhibited it is yellow; the phase characteristic .aay be any, other 
than thoso used for the white lights of cardinal, isolated danger, and safe water marks, 
i.e: 

North mark—Quick (or very quick) flashing. 
East mark—Quick (or very quick) flashing (3) 10 seconds (or 5 
seconds). 
South mark—Quick (or very quick) flashing (6) +- long flash 15 
seconds (or 10 seconds). 
West. mark—Quick (or very quick) ‘ashing (9) 15 seconds (or 10 
seconds). 
Isolated danger mark—Group flashing (2). 
Occulting 
Safe water mark) Equal interval (isophase) 
Long flash 10 seconds, 


New Dangers 


A newly discovered hazard to navigation not yet shown on charts, or included 
in sailing directions, or sufficiently promulgated by notices to mariners, is termed 
a new danger. ‘he term covers naturally eccurring obstructions such as sandbanks, 
rocks, or man-made dangers such as wrecks. 

A new danger is marked by one or more cardinal or lateral marks in accordance 
with the System ‘A’ rules. If the danger is especially grave, at least. one of the marks 
will be duplicated as soon as practicable by an identical mark until the danger has 
been sufficiently promulgated. 

If a lighted mark is used for a new danger, it must exhibit a quick flashing or 
very quick flashing light: If is it a cardinal mark, it must exhibit a white light; if a 
lateral mark, a red or green light. 

The duplicate mark may carry a Racon, coded W (--—), showing a signal length of 
1 nautical mile on a radar display. 

The above discussion of System ‘A’ is adapted from NP 735, JALA Maritime 
Buoyage Systcin ‘A’, Edition 1, 1976, published by the Hydrographer of the Navy, 
Taunton, England. 


My & = S = 





z 
Zz 
2 
3 
3 
x 
Z 
= 
: 
z 
: 
2 
z 
z 
i 
: 
Z 
i 
i 
i 
I 





0 A TE ET ONE RN T TNE Y LAE NR EL TN SN AM THAT enn 
as ” . 
. * : , * : eo $3 











































































































































































































































































































































































































































































































































APPENDIX Y: BUOYAGE SYSTEMS 1317 i 


UNITED STATES SYSTEM 














a Fairways and Channels i 
= Port Hanp STARBOARD Hanp 

; MarkiInG: Odd numbers, commencing from Even numbers, commencing from 

a4 seaward. seaward. 

' . a LicHTED Buoy: White or green, flashing or occulting; White or red, flashing or occulting; or, : 

Ee or, when marking important turns, when marking important turns, : 

e ‘ quick flashing. quick flashing. 


Middle Grounds 





MAIN CHANNEL TO RIGHT Mz..N CHANNEL To LEFr | 
ey. : Buoy: gg | A | | 
e 
MARKING: May be lettered. May be lettered. oa 


LIGHTED Buoy: White or green, interrupted quick flashing. White or red, interrupted quick flashing. 


1 


Where channels are of equal importance, either of the above buoys is used, without regard to the uppermost band. 


Mid Channel 


Buoy: /m\ ' 
iil A 


MARKING: May be lettered. 












' 
eC 


LIGHTED Buoy: White, short-long flashing. 


Wrecks or Other Obsiructions 





aa egO eer ge 






sean nna a Ran eNRNNL Name eeReRNeTinenannemnatt eiente mm Cit ey MaNSem Se NRRL Sl RRNA 
4 : Seo oy 
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ie ba ‘ i S 
‘a ee = 


To Be Passep On Port HAND To BE Passed Gn STARBOARD HAND me 
& MARKING: Usually lettered “WR.” Usually lettered “WR.” a 
LiGHTED Bucy: Whi ¢ or green, quick flashing. White or ted, quick flashing. 
Where wrecks or other obstructions nay be pussed on erther hand, either Middle Ground buoy 1s used, without se 
x regard to the vppermost band. sce 





6 CUAL IKIMINRANRRAEMNCMmEIN 


' 
1 
’ 
t 






























































































































































































































































































































































































































































































































































APPENDIX Y: BUOYAGE SYS™IMS 


UNITED STATES SYSTEM 


0h MAAR 


un 


Miscellaneous 


i 
i 
i 
i 
i 
i 


SHAPE: Optional. 


COLOR: Quarantine—Yellow. 

Anchorage —White. 

Fish Nets—Black-and-white horizontal bands. 

Dredging —White with green top. 

Seadromes—Yellow-and-black vertical stripes. 

Special Purpose —White-and-international orange horizontal or vertical bands. 







MARKING: May be lettered. 


LicHtep Buoy: Any color except red or green; fixed, oceulting co: +.ow flashing. 


UNIFORM LATERAL SYSTEM 


Fairways and Channeis 


Port Hanp STAR3CARE HAND 


TOPMARK: 





a a ¥ a ¢ i 


“T-shaped topmark Diamond-shaped top- 
not used at channel mark not used at 
entrance. channel entrance, 


2 


Buoy: 


el AAI 


In secondary channels only, yellow may be substituted for white in checkered bucys. 





MARKING: Even numbers, commencing Odd numbers, commencing 
from seaward. from seaward. 


LIGHT: Red, single flashing or occuiting or group White, single flashing or osculting, or 
fiashing or occulting, with a number of group flashing or occulting (3); or green, 
flashes or occultations up to four; or of a different character from wreck 
white, group flashing or occulting markings; or both while and green with 
(2 0r 4); both red and white with above the above characteristics. 
characteristics. 
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UNIFORM LATERAL SYSTEM 
Middle Grounds 


Main CHANNEL CHANNELS OF MAIN CHANNEL 
To Ricut EQUAL IMPORTANCE To Lert 


TOPMARK: 
Bifurcation fe @ @ rN 


e 
Junction — ap + 4 


= Si. = 


Licut: Distincti.e where possible. Distinctive where possible. Distinctive where possible. 


Mid Channel 


ToPMARK: Shape optional, but net conical, cylindrical, or spherical. 
Buoy: Shape optional, but not conical, cylindrical, or spherical. 
Covor: Red-and-white or black-and-white vertical stripes; topmark red or black to conform with buoy. 
Licut: Different from neighboring lights. 


Marking of Wrecks 


To BE Passep ON To Be PassED ON To BE PassED ON 
Port HAND EITHER HaNnp STARBOARD HAND 


By Buoys 


TOPMARK: Es @ 


mI a | A | 


MARKING: “W”’ in white. “W" in white. “W” in white. 


Buoy: 


LIGHT: Green, grown flashing (2). Green, single occulting. Green, group flashing (3). 


1 7 


By Vessels 


MarkInG: “W"or“WRECK "in white. “W"or“WRECK”’inwhite. “Wor WRECK" in white. 
Licut: Fixed green, corresponding in number and arrangement to shapes displayed by day. 


BELL: Two strokes at intervals of | Four strokes at intervalsof Three strokes at intervals of 
not more than 30 seconds. not more than 30 seconds. not more than 30 seconds. 
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UNIFORM CARDINAL SYSTEM 


Danger Markings 


TOPMARK: y 


Buoy: A 


Licut: White. Preferably flashing 
or group flashing, with odd 
number of flashes; or occulting 
or group occulting, with odd 
number of occultations. 


TOPMARK: TOPMARK: 


v¥ 
a. 


Buoy: l Buoy: 
t | 


4 


LIGHT: White. Preferably group LicHT: Red, preferably, or white. 
flashing with even number of Flashing or group flashing, pre!- 
flashes, or group occulting with erably, with odd number of 
even number of occultations. flashes, or occulting or group 

occulting with odd number of 


occultations. 
TOPMARK: 


Buoy: aa 
AL 


Licut: Red, preferably, or white. 
Group flashing, preferably, with 
even number of flashes; or group 
occulting with even number of 


occultations. SE 


Variations in Danger Markings 


Northern Eastern Southern Western Northern Eastern 
Quadrant Quadrant Quadrant Quadrant Quadrant Quadrant 


aAZBSs ! 1 


Note: The number of characteristic shapes employed for the Note: When spars only are used, it 
buoy itself may be limited to two, the conical shape being may te advantageous in the 
employed in the northern snd eastern quadrants and the northern and eastern quadrants to 
cylindrical shape in the southern and western quadrants, as reverse the positions of the dark 
shown above. colors, as shown above. 
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UNIFORM CARDINAL SYSTEM 


Marking of Wrecks 


WESTERN QUADRANT EASTERN QUADRANTS 





TOPMARK: ¥ az 
a wv 
Buoy: | | | 
- MARKING: “W” in white, if possible. “W" in white, if possible. 
Licut: 


TOPMARK: 


Buoy: 


LiGHt: 


TOPMARK: 


Buoy: 


CoLor: 


LIGHT: 


Green, quick flashing. Green, interrupted quick flashing. 


In the Uniform Cardinal System, wreck bueys are not used in the northern or southern quadrants. 


UNIFORM SYSTEM—LATERAL AND CARDINAL 
(Common To Both) 


Isolated Dangers 


2 | 


White or red, rhythmic. 
Miscellaneous 


Landfall—Shape optional, but not misleading. 
Transition —Shape optional, bat not misleading. 
Others— None. 


Shape optional, but not misleading. 


Lendfall—Black-and-while or red-and-white vertical stripes. 

Transition —Red-and-white or black-and-white spiral bands. 

Quarantine ~~ Yellow. 

Outfail— Yellow above and black below. 

Military Practice Area—lWhite, with two blue stripes rising {rom the waterline and 
intersecting at right angles on top of the buoy, and, optionally, lettering in the 
national language indicating a danger area (e.g.. in English, ““D-A."’). 


Landfall —Rhythnic. 


Outfall— Optional, with due regard to other lights in the area. 
Others —None. 
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= | : APPENDIX Y: BUOYAGE SYSTEMS 
4 IALA MARITIME BUOYAGE SYSTEM ‘A’ 
4 CARDINAL MARKS 


LE : Topmarks are always fitted (when practicable) 
Buoy shapes are pillar or spar 
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INTEREST 
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in toe +LFii0s 
Qk ret +LFI15s 


Lights, when fitted, are v.hite, Very Quick Flashing 
or Quick Flashing: a South mark also has a Long 
Flash immediately following the quick flashes. 
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IALA MARITIME BUOYAGE SYSTEM ‘14’ 


LATERAL MARKS 
PORT HAND STARBOARD HAND 


| - - one 


Topmark BE B 


(always fitted” 
if buoy ts not 
y ') ‘I 





can or conica 
pillar or spar 





Exceptionally. black may 
be used instead of green 


Lights, when fitted, may have any phase characteristic 
Examples 
Quick Flashing Eee 
Flashing ae 
Long Flashing Pa 
Group Flashing ARS 


ISOLATED DANGER MARKS 





Topmark_ : e @ 
(always fitted) @ @ Light, when fitted, is 
white 
Group Flashing (2) 
‘| EE Gp Fi(2) 
Shape: pillar or spar 
*when practicable 
fe 
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Topmark 
(aiways fitted® if buoy 
isnot spherical) 


Shape: spherical 
or 
piflar or spar 


Topmark 
(if fitted) 


Shape: optional 


Topmark 


(if fitted} 


lf these shapes are 
used they will indicate 
the side on which the 
buoys should be passed 


*when practicable 
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IALA MARITIME BUOYAGE SYSTEM ‘A’ 


SAFE WATER MARKS 


i 
4 i i 


S 
“~ 


Light. when fitted, is 

white 

Isophase or Occulting, 

or Long Flashing every 

10 seconds 

— oe | Iso 

_ EO Occ 
__ ae 1110s 


Light, when fitted, is 

yellow 

and may have any 

phase characteristic 

not used for white lights 
Examples 

Fy 
ERE LAR Gp Fi (4)Y 
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APPENDIX Z 
EXTRACTS FROM CHART NO. 1 


Chart No. 1 


United States of America 


Nautical Chart Symbols 
and Abbreviations 


SIXTH EDITION 
JULY 1975 


Prepared jointly by 


DEPARTMENT OF COMMERCE 
National Oceanic and Atmospheric Administration 
National Ocean Survey (Formeny Coast ard Geodetic Survey. and U.S. Lake Survey) 


DEPARTMENT OF DEFENSE 
Defense Mapping Age. >y 
Hydrographic Center 


Published at Washington, D.C. 

U.S. DEPARTMENT OF COMMERCE 

National Cceanic and Atmospheric Administration 
National Ocean Survey 




































































































































































































































































1326 APPENDIN. 2: EXTRACTS FROM CHART NO. 1 


GENERAL REMARKS 


NT A YH 


This publication (CHART NO. 1) contains symbols and abbreviations that 
have been ayproved for use on nautical charts published by the United States uf 
America. The buoyage systems used by other countries often vary from that 
used by the United States. Charts produced by the Defense Mapping Agency 
Hydrographic Center (DMAHC) will show the colors, lights, and other 
characteristics in use for the area cf the individual chart. Certain modified 
reproduction charts distributed by DMAHC will also show the shapes and other, 
distinctive features that may vary from those illustrated in this chart. Terms, | 
symbols, and abbreviations are numbered in accordance with a standard form i 
approved by a 1952 resolution of the International Hydrographic Organization 
(IHO). Although the use of IHO-approved symbols and abbreviations is not man- 
datory, the United States has cooperated to adopt many IHO-approved symbols 
for standard use on U.S. nautical charts. Alphanumeric style differences in the 
first column of the following pages indicate symbol and abbreviation status as 
follows: 

VERTICAL FIGURES indicate those items for which the symbol and abbre- 
e.g viation are in accordance with resolutions of the IHO. 
. SLANTING FIGURES indicate those symbols for which no THO resotution 
has been adopted. 
SLANTING FIGURES UNDERSCORED indicate IHO and U.S. symbols 
do not agree. 
S SLANTING FIGURES ASTERISKED indicate that no symbo! has been 
ze adopted by the United States. 
SLANTING FIGURES IN PARENTHESES indicate that the items are in 
addition to those appearing in the “Glossary of Cartographic Terms”. 
SP No. 22, 3rd Edition, 1951, IHO. and subsequent revisions. ca 
t Ait changes since the July 1972 edition of this publication are indicated by the ff. = 
dagger symbol in the margin immediately adjacent ts the item identification of “ 
the symbol or abbreviation affected. 
BUILDINGS. A conspicuous feature on a building may be shown by a landmark 
symbol with a descriptive iabel. (See I Sb, 36, 44, 72.) Prominent buildings that 
are of assistance to the mariner may be shown by actual shane as viewed from 
above (see [ 3a. 1{. 47. 66), and may be marked “CONSPICUOUS”. 
BUOYS and BEACONS. On entering a channel from seaward, buoys on star- 
board side are red with even numbers, on port side black with odd numbers. 
Lights on buoys on starboard ¢‘de of channel are red or white, on port side 
white or green. Mid-channel buoys have black-and-white vertical stripes. 
Junction or obstruction buoys, which may be passed on either side. have -ed- 
and-black horizontal bands. This system does not always apply to foreign 
waters. 

The position of a fixed beacon is represented by the center of the beacon sym- 
1. bol or the circle at the base of the symbol. The approximate position of a buoy is 
pera : represented by the dot or circle associated with the Luoy symbol. The ap- 
proximate position is used because of practical limitations in positioning and 
maintaining buoys and their sinkers in vrecise geographical locations. These 
limitations include. but are not limited toe. inherent imprecisiens in position ae 
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fixing methods, prevailing atmospheric and sea conditions, the slope of and the 
material making up the seabed, the fact that buoys are moored to sinkers by 
varying lengths of chain, and-the fact that buoy body and/or sinker positions are 
not under continuous surveillance, but are normally checked only during 
periodic maintenance visits which often occur more than a year apart. The posi- 
tion of the huoy body can be expected to shift inside and outside the charting 
symbol due to the forces of nature. The mariner is also cautioned that buoys are 
liable to be carried away, shifted, capsized, sunk, etc. Lighted buoys may be ex- 
tinguished or sound signals may not function as a result of ice, running ice or 
other natural causes, collisions, or other accidents. For the foregoing reasons, a 
prudent mariner must not rely completely upon the charted position or opera- 
tion of floating aids to navigation, but will also utilize bearings from fixed ob- 
jects and aids to navigation on shore. Further, a vessel attempting to pass close 
aboard always risks collision with a yawing buoy or with the obstruction the 
buoy marks. 
COLORS are optional for characterizing various features and areas in the charts. 
DEPTH contours and soundings are shown in meters on an increasing number of 
new charts and new editions; the depth unit is stated on all charts. 
HEIGHTS of land and conspicuous objects are given in feet above Mean High 
Water, unless otherwise stated in the title of the chart. 
IMPROVED CHANNELS are shown by limiting dashed lines with the depth and 
date of the latest examination placed adjacent to the channel except when the 
channel data is tabulated. 
LETTERING styles and capitalization as indicated in Chart No. 1 are not always 
rigidly adhered to on the charts. 
LONGITUDES are referred to the Meridian of Greenwich. 
OBSOLESCENT SYMBOLIZATION on charts will be revised to agree with the 
current preferred usage as soon as opportunity affords. 
SHORELINE shown on charts represents the line of contact between the land 
and a selected water elevation. In areas affected by tidal fluctuation, this line of 
contact is usually the mean high-water line. In confined coastal waters of 
diminished tidal influence, a mean water level line may be used. The shoreline of 
interior waters (rivers, lakes) is usually a line representing a specified elevation 
above a selected datum. Shoreline is symbolized by a heavy line (A 9). 
APPARENT SHORELINE is used on charts to show the outer edge of marine 
vegetation where that limit would reasonably appear as the shoreline to the 
mariner or where it prevents the shoreline from being clearly defined. Apparent 
shoreline is symbolized by a light line (A 7, © 17). 
U.S. COAST PILOTS, SAILING DIRECTIONS, LIGHT LISTS, RADIO AIDS, 
and related publications furnish information required by the navigator that can- 
not be shown conveniently on the nautical chart. 
U.S. NAUTICAL CHART CATALOGS and INDEXES list nautical charts, aux- 
iliary maps and related publications, and include general information relative to 
the charts. 

Some differences may be observed between Chart No. 1 and symbols shown on 
certain reproductions of foreign charts and special charts. Foreign symbols may 
be interpreted by reference to the Symbo! Sheet or Chart No. 1 of the originating 
country. A glossary of foreign terms and abbreviations is generally given on 
charts on which they are used, as well as in the Sailing Directions. 










NSA INR Awe nm Uns Yo 4 ay 4 


ve 


oa mR ATLA UL 
ae 7 


, 


mae 
1 


» 
» 


on AAA nnn ttn 
a e i o 









































































































































































































































































































































































































































APPENDIX Z: EXTRACTS FROM CHART -NO. 1 









































































































































































































































































































































































































































































































































































































































Kepictieccios ase: 
1? Apparent shoreline snd mangrove 
(vegetation limit) 


= Saeed 
lld Fock, uncovers at sounding 
datum (Sze A if) 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































lig Coral, uncovers af sounding 
datum (See O 0) 
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Strand in general) 
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12 Breakers along a shore (See 0-25) 
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Gulf 
Bay 
Bayou 
ford 
Loch; Lough, 
Lake 
Creek 
Cove 
Inlet 
Strait 
Sound 
Passage; Pass 
Thorofare 
Channel 
Narrows 
Entrance 
Estuary 
Delta 
Mouth 
Road, Roadstead 
Anchorage 
Hartor 
Haven 
Port 
Fond 
Island 
islet 
Archipelago 
Feninsuta 
Cape 
Promontory 
Head, Headland 
Porat 
Mountain, 
Mount 
Range 
Valley 
Summit 
Peak 
Volcano 
Hill 
Boulder 
Landing 
Tableland 
{Plateau} 
Frock 
Iso ated rock 
eream 
Fiver 
Slough 
Lagoon 
Approscnes 
Rocky 
‘slands 
Marsh 
Mangrove 
Swamp 
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i 21 Spring 
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Sagas 
Seats 
9 ‘Deciduous woodland 


29 
Wooded: a 4 ee 


4 Saltpans 


Stee te te te n Tree top height 
Orree 2 zt £ (above shorehne datum] 


S fsolated trees 


Deciduous or of unknows 
Sa or unspecified type 


5b Coniferous 
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Sc Palm tree 14 Intermittert stream 
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Adjectives, Adverbs, Nouns, 
and Other Words ~ 







































Triangulation point (station, 7 gt Great 
selene Caan 2 iit Little 
Ja Astronomic station 3 kg Large 
2 {See in) — Fixed point (landmers, position accurat : am ae 
7 {See fo, Fixed point flandmark, position approx. 6 Inner 
4 et ener 7 mid Middle 
3 Summit of height {Peak} 8 Old 
(when not a landmark) 9 anc Ancient 
ib, Pe fe 10 New 
(Di eak, accentuated by contours af St Saunt 
x (De Peak, accentuated by hachures i2 conspic = Conspicuous 
3 Re ke 
(Dd. Peak, elevation rot determined _ D. Destr Ae . 
Me) Peak, when a landmark M5 Projected 
é 1é dist Distant 
4 Obs Spot Observation spot 17 abt About 
. a 18 See char? 
65 BM Bench mark 18a See plan 
View point 19 Lighted; Luminous 
. 20 ~~ sub Submarine 
Datum point for grid of a plen 2] Eventual 
. 22 AERO Aeronautical 
Graphical triangulation point 23 Higher ’ 
Astro Astronomical 23a Lower 
24 exper Experimental 
10 Tr Triangulation 25 ~~ discontd $= Discontinued 
26 prohib Prohibited 
f f 
(Dh CofE Corps of Engineers 27 explos Pcksive 
12 Great trigonometrical survey station 28 estab Estebiisned 
; 29 ~~ elec Electric 
; 13 Traverse station priv Private, Privately 
R ; prom Prominent 
: 14 Bdy Mon lourdary syonument std Standard 


subm Submerged 
approx = Approximate 
Maritime 
maintd = Maintained 
aband Abendoned 
temp Temporary 


wtonal boundary monument 


be fo Se Ge ho So 
SSSLSHLSRSS 



















































occas Ozcasronal 
extr Extreme 
4 Navigable 
a 42 NM Notice to Mariners 
* #2 a F te 3 fof ime) Z E tcer fh = Eraton (Fa) UNM Local Notice to Mariners 
fhe ds " . 43 Sarhing Directions 
73 sec. 5 Second (of me) 21. ¢ Minute fof arc) dd List of Lights 
4 om Meter 22.” Second fof arc} (Fb) unverd = Unverified 
: 4a dm Decimerer 23 No Number (Fe) AUTH Authorized 
4b cm Ceanmeter (Ea) StM.StMt Statute mile (Fd) CL Clearance 
4c mm Milkmeter (Eb) psec.ps — Microsecond (fe) cor Corner 
4d m2? Square merer (Ec) Hz Hertz (eps) (F¢) a so aor 
a 4e m3 Cubre meter (Ed) Hz Kilohertz (ke) (7) cua eee 
z 5 km Kilometer a Ee) MHz Megahertz (/Me} (Fi) bet Beinsen 
= 6 in Inch t(Ef) cps.c/s  Cycles/second {Hz} (Fj) Ast First 
24 7 ft foot (Eg) kc Kilegyste (kHz) t(Fk) 2nd.2d = Second 
- 3 yd Yard (Eh) Mc Megacycle (MHz) HF 3rd.3d Thre 
9 fm Fathom T(Et) T Ton (U.S. short (Fa) 4th Fourth 
: 10 cbl Cable length ton=2.C00les }|| (Fn) DW Deep Water 
fll M, Mi. NM: Nautical mile (Fo) Sn Minmum 
(Fp) max Menmum 
fet 12 kn Koot 't(Fy) Nily Noctheréy 
= - tiza ¢t Tonne (metric ton= t(Frj Sil Southerly 
2,204 6 tbs } t(Fs) E'ly Easterly 
. 12b cd Candele (new cardie, (Fad) Wy Westerly 
3 fat Lantude (Fu) Sk Stroke 
t If tong Longitude t(Fr)  Restr Restricted 
} Ida Greenwich 
ee - 15 pub Pubheation 
16 Ed Egition 
t {7 corr Correction 
Altitude 
rhe & 
Pe _ L 























































































































































































































APPENDIX Z: 


Anch Anchorage large vessels) 
Anch Anchorage (small vessels) 


Hor Harbor 
Hn Haven 
P Port 






Breakwater 







Oke 









Mole 






Jetty (partly below MHW) 





Submerged jetty 



















Jetty (small scale} 











i 9 Pree = Prer 
& 
: 
: 10 Spit 
7 Groin (partly below MHW) 










ANCH Anchorage rr os 
5 f e 
E ; _ PROHIBITED FROHIB (screen optional)(See 

12a Ancherage reserved 
12b ifouaRanTiNey OQUAR 


Quarantine anchorage 
FEANCHORACE ANCH 


13 Spoil ground 


(Gb) Dumping ground 





(Go) gepths from survey | Disposal area 


of JUNE 1972 | 
90 


(Gd) Pump-out faciites 


14 Eeueeesinaweess Fsh stks 





Fisheries, Fisting Stakes 


Fish trap, Fish weirs 
factual shape chartedj 


Duck blind 


oy me l4a 
t4b 


15 Tuna nets (See G 4a) 


Oyster bed 





Lending place 
Werering place 
Wharf 





Quay 


EXTRACTS FROM CHART NO. 1 


- Ports and Harbors 












27 Lazaret 
*28 Harbor Master Aarbormaster’s office 
29 Cus Ho Customhouse 
30 Fishing harbor - 
31 Winter harbor e 
32 Refuge harbor 
33 8 Hbr — Boat harbor 
34 Stranding harbor 
lencaare at LW 
35 Dock 













1331 





20 Berth 





iw deanna 


Anchoring berth 














Berth number 


Dol ~ Dolphin 





22 Bollard 7 

23 Mooring ring 

24 Crave 

25 Landing stage 2 
25a Landing stairs 


Quarantine 




















Drydock (actual shape on 
large-scale charts) 

Floating dock{actuaishape 
on large-scale crarts} 

Gridiron; Careening rid 


Patent shp, Shpway, 
Marine rarlway 





| PA MAMRNKARINRNINOMNANNNRONNRNNMN NNN 6 
1 ao . 
u" y 
, 
at ‘ 
« . 
\ 
as i ba 
: i 
: : 
wt a ae etna gdb de da. eee eee 


Ramp 


Lock (point upstream) 


‘See # 13) 
a Wetdeck 
42 Shipyard i 
43 Lumber yard 


Health officer's office 






Halk (actual shape on 
Re Sie charts) 

ae e 

as PROWIB Prohibtites area 


AREA screen optional) 


Calling-in point for vessel 
traffre control 


Anchorage for seaplanes 
Seaplane landing area 


Work in progress 
Under constructor 





Work prajecte. 


Submerged ruins 
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1332 APPENDIX Z: EXTRACTS FROM CHART NO. 1 


H. Topography (Artificial Features) : 






















1 Road (Rd) or Highway (Hy) 


14 Bridge. eR» in general 
14a Stone, concrete bridge (same as H (4) 


14b Wooden bridge (same as H 14} 


sont prems By. below i4¢ ron bridge (sare as H 14) 
3 Ratlway(Ry) single or double track}; Railroad (RR) 
: - i 14d Suspension bridge {same as H 14) 


15 Drawbridge (in general) 







obeRSRgr pebeaCaaaesaegeiedksk | oe ee ee oS ee oe ES ee 
Ceeeeeonepdereseretreeeteigees. me see ere Eee na oer eo oe 


3d Lmbankment, Levee 


cortrageegentediysveqviein 
MASE ROSEEER DARGIS DES OOEES 





CRU TNORITE POWER CABLE- 
ORIZED, suo Fr~ 





4 Overhead power cable (ovnc pwr CAB) 


Wa footlitge 





meme teaeeee cee Se ee i fe ec ee 









vERT ce. & 
Bridge clearance, vertical 





Prominent telegraph or telephone line 18a 






SHOR CL.28 Far + 
Bridge clearance, horizontal 










Hens & =Posta {See #9, L 59, 
9a Pile, Pring, Post (above sounding datum) 030) 
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APPENDIX Z: EXTRACTS FROM CHART NO. 1 1333 









= City or Town (small scale) 


Suburb 







Village 


Buildings in general 













4 Cas Castle 
a a 

5| £2 fF House 

6 Villa 

7 Farm 
Eps 

8 as Church 

8a fe Cath Cathedral 

ab (©: 3 Spire Spire: Steeple 
es 

9 ER Roman Cathohe Church 














16 Monastery, Convent 


Calvary, Cross 





Cemetery, Non-Christian 
Cemetery, Christian 


Tomb 





Battery 
21 Barracks 
Powder magazine 


Airplane landing field 


Airport, cil (small scale) 


Mooring mast 


Stree? 


Buildings and Structures (see Gerieral Remarks) 


City or Town flarge scale} 








10 Hey Temple Cupola 
1 * Chapel Elevator; Lift 
£1IG M 5 
LS ogee Elevation; Elevated 
12a Fa Minaret 38 Shed 
(lb) Pg Moslem Shrine 39 Zine roof 
13 [Bl Marabout 40 teesine Ruins 
14 Firat Pag Pagova 41 Om fe Tower 
15 iB Buddhist Temple, Joss-House Oa A Abandoned hghthouse 
15a Baa Shinto Sherine 


Fort factual shape charted} 


Airport. large scale (See P-13) 


Airport, military {small scale} 


= Ave Avenue 






Bivd Bozlevard 





27 Tel Telegraph 





28 Tel Off Telegraph office 













29 PO Post office 





30 Govt Ho Government house 
31 Towr; hall 
32 Hosp = Hospital 


33 Slaughterhouse 





34 Magz Magazine 





34a Warehouse; Storehouse 


Vonumen: 



















































R Windmotor 


Tae a= 
44 Gésy fem, Chimney, Stack 










Water tower. Srandpipe 







Oil tank 








Factery 






48 Saw mill 







a9 Brick kiln 








ES Mine; Quarry 
51 Ewes Well 










52 Cistern 







a 





a rank 


| 









54 Noria 





Fountain 


“ 


‘ag, 


ex smeiscananr Mn NTO 





© ayo 





i 
i 
i 
2 
t 
: 
i 
E 


a 
ea 

z, ae 
S38 
ato 





naan 
’ pf 
iy . 
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!! 
a 
an hf ne a udu 9 oS sass 


ee dhe Maa 1A 
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ee: 


Ret Sta 
© Opi sia 


Se Sta 


Sem 


S Sig Sta 


(J6) COnws sic sta. 








APPENDIX Z: EXTRACTS FROM CHART NO. 


Institute 


Establishment 


Bathing establishment 


Courthouse 
School 
High schoot 
Un-versity 
Bc siding 
Pavilion 
Hur 
Stedium 
Telephone 


Gas tank; Gasomerer 


Cap 
Co 


Corp 





















































1 


Pyramid 
Pillar 

Ou derrick 
Limited 
Apartment 
Caprtot 
Company 


Corporatign 


Landmark (posit.on accurate }{See D 2) 


Landmark {position enproximate{See Da, 


Miscellaneous Stations 


Any kind of station 


Station 


Coast Guard station (similar 
to Lifesaving Station, J 6) 


Coast Guard station 


*WALLIS:SANDS = (when landmark) 


Lookout station; Watch tower 
Lifeboat station 


Lifesaving station 
{See J 3) 


Rocket station 


Pilot station 

Signal station 
Semaphore 

Storm signal station 


Weather signal station 


Nat'l Weather Service signal sta 

















Tide signal station 

Stream signal station 

‘ee signal station 

T.me signal station 

Manned oceanographic station 


Unmanned oceanographic stati 
Time ball 
Signal mast 


Mast 





“Ofp Fe Flagstaff; Flagpole 





Flag tower 
Signal 
Observatory 
Office 

Bell (on land) 


Harbor entrance contro! pos? 


Marie police station 


\-  Fireboat station 





. 





TT ali eee deailaaiaaae uaadeaieaeediainiaaeneaanionme aie sia ated dainddadrcaalelainal uiaaaaomlil 


ce MEN ANA AP, Nl 
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: APPENDIX Z: EXTRACTS FROM CHART NO. 1 1335 


Lights 





Position of light 







Fixed and flashing light 





Light Fixed and group flashing light 


4 
amide ao 





1 











































Riprap surrounding light 30a Mo Morse code light i 
4 3 Lt Ho Lighthouse 31 Ret Revolving or Rotating light = 
- 4 Te @acro Aeronautical hght (See F-22)| 47 Period : 
da Marine and air navigation light 42 Every 
/..@ On ,. 
§ Ba Bn Light beacon 43 With 
-" 6 Light vessel; Lightship td Visible (racze) ea ies 
: & Lantern +{Kb) M.McNit: Nautical mile (See E-//} 
- Street lamp (Ke) men Minutes (See £-2) : 
: 10 ORF Reflector it(Ad) sisec Seconds (See E-3} ; 
2 ues eS = Oe ust Leading light i 
’ aos 2 Serres 45 FI Flash 4 
3 @ Sececigt 46 Oce Occultation “fs, 3 
i - Sage 
: > 18 Direchonat light | 46a Eclipse 2, 
: s Ee 47 Gp Group rg AE 
i Harbor light - 2 
: iS 48 Oce Intermuttent light sf 
oe) Fishing light a 
Tidal ght 49 sec Sector cS : 
Private light (maintained by prety fe 
Private interests; to be 50 Color of sector - 4 
" used with caution) 2 
i Fixed light si Aux Auxthary hight ro- f 
I a 
22 Ore Occuiting light 52 Varied =. 7 
23 7 Flashing light 61 Vi Violet i 
23a ead Isophase light (equat interval) 62 Purple 
24 Ok Fi Quick Hashing (scentillating) i:ghs 63 Bu Bive 
25 ic OF Interrupted quick Hashing light 64 G Green 
* i Gs Ft 
65 oO: Orange 
S 7 . 25a SF Short flashing light 66 a Red 
a cee te 
: 26 aa Alternating light 67 Ww White 
= 27 Gs Gce Group occulting light 67a An Amber | . 
Ut ig Group Hashing hight Yellow [> 
ee - - i : = 
== Short-long flashing light Obscured hght 4 
— 2 ‘ 
= Group short flashing light Fog detector light (See Nb) fi : 
Bt : 
i - - ; 
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1336 APPENDIX Z: EXTRACTS FROM CHART NO. 






Unwatched light 















Rear light 


L. Buoys and Beacons 
(see General Remarks) 











J Appraximate position of buoy | HZ 
2 ri 48 
oa 
t3a 


Whistle buoy 














Float 
Lightfloat 
Outer or Landfall bzoy 
Fattway buoy (BWVS) 


Mrdchannel bey (BWVS) 
Sterboard-hand Evoy (entering 





from seaward) 
Port-hand buay fentering from 
Seaward) 
¥ 
Bee - aE 
a 
~ € 








Freathoht 


1 





70 Occas Occas‘gnal light 80 Vert Vertical lights 

71 tereg Irreguiar light 81 Hor Horizontal lights 

72 Pray Provisional light Vertical beam 

73 Temp Temporary light (Kg) AGE Range 

(Ke) D Des = Destroyed (Kh) Exper Experimental ight 

74 Exting Extinguished light Ki) TRLB Temporarily replaced by 
: lighted buoy showing the 

73 Faint hight same characteristics 

2 2 (Kj) TRUB Temporarily replaced 

76 Upper ight 7 pischied or y 

77 Lower light (Kk) TLB Temporary lighted buoy 


Temporary unlighted buoy 





+(¢99°9889 9 new standard symbols) 


RE Bifurcation buov (RBH&) 


Junctron bucy (RBHB) 
lsolated danger buoy (RBHB) 


ze | Wreck buoy 
& Ee (RBHBor G) 


Obstruction buoy (RBHB or G) 


Can or Cylindrical buoy Telegraph-cable buoy 
i Mooring buoy {colors of moor- 
unica! bee ing buoys aever carried) 
Se cal buoy Mooring 
Mooring buoy with telegraphic 
Sper buoy communications 
Mooring buoy with telephonic 
Pilar or Spindle buay communications 
Buoy wth tepmark (éall) Warping buoy 
(see L-70) 
Barrel or Ton bucy ey 
Practice area buoy 
Color unknown 
Explosive anchorage buoy 


Aeronautica! anchorage buoy 


Compass adjustment buoy 


Fish trap (area) dvoy (BWHB) 


Spoil ground buoy 


Anchorage boy (marks tits) 


Private aid to navigatrea {bvoy) 
(mamteced by private wierests, 


use with cauton) 





HON A 





t 


2 MH 








Md a 


| 














801, 


i 


ve tae 


sald eet 4 


zoe behite 


dpalia da! 


hues 





























































































































































































































































































7 
se yt 


Md het 
no an 
























































































8 gestae einen Misa eem AMEE 







Starboard-hand buoy 
(cont) ° {entering from seawardj 
j B Port-hand buay F Cardinal marking system 
30 Temporary buoy (See Ki, j,k t] 









Compass edjustment beacon 





Winter buoy 












Horczontal siripes or bands 


Topmarks (See L 9,70) 
__. 4B 





hh Yerncal stripes 58 Telegraph-cable flaading} 
vS beacon 








. Checkered 


Pies (See 030: HO, 9a) 
"™ Chee 









S:zies 


Diag ~——- Dragonal bands 









Waite 





Stumps (See 0 30) 







Black 





Perens 













Red 
= o. 
a4 [2 Y Yellow 61 Ocann css Caren 


45 G Green 62 Painted patches 


46 &r Broan 6 Gm Landne-k (positon accurate] 
{See D2) 


47 Gy Gray (La) Landmark (positon 
spprouima‘e} 
a Bu Bre a PEE Pefiecror 
m MARI Ra-ge sargers, mariers 
2 





Cl \ 
sv 
RR PRN 

een : 

a : « ates 

7 o™ ; 

ied " isi 

we : 


‘peo 





snd 







fF nstallatron buoy 





(See OF, O3j 


70 = Note: TOPMARKS on buays end beacons may 
Se shown on charts of foreign waters. 
The abbreviation for black 15 not 
Shown adjacent to buoys or beezons 






Sadar reflector (See #13} 
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1338 APPENDIX Z: EXTRACTS FROM CHART NO. 1 


Buoys and Beacons (continued) 


ina citenna: [ALA Buoyage System ‘A’ 


Eoropeen woters from 


The combined Cardinal and Lateral System (Red to Port) 


Fathoms and Metric Charts 


Where wi force. Systems A evokes 16 35 feed and fioweg marks other tran aghihouses. setior lgrds and maceg tarts, igttitacs ond 


Eghthouse buoys There afe no ipecss! Characteratics fetevwed for mating wrecks 


UNLIT MARKS LIGHTED MARKS 





Sprtol used to indxxte buoyapr direction where 
mK Obviens; tite and orieateos varied so suat 


siuazen, 
err | ve 
i o : 
Topmark {Wf ay}: core 3 . 2 Sertcard Hand 3G SOc Green bight fany hase 
aadiil | 28 Oe cnpracceraad 
. . = * ‘’. . - | = 
Cardmat s<cicaiing naegebie water to the namedt ate of the mark 
Topemarks. 2 d4ack cones "s Tene (secondsj 
Wace ighe os 0 
NW, Stack above yellow NE 
ak 2 eS 
° - 
ij = 
= - Ext i on Tivesa 
eS 
hire, EgEToe eS 
West tek ~ East Wark a Perad 
: 2 Pars of i é 
i / aterest / South i YOM 
a oe oa Mark wOreti-itis oo, 
- Perut 
Yellow wer bie” Black ach peter . 
new Fert 
West _ 
? z Liye i OES. po ed 
Py 1 *, Foret 
f es 
aa i ccpapck Tre same ativensioss xe cited for Epes on 
J towh Met £ i 
a Yellow shove Sixck - sae buoys 


The peracs, Ss, 10s axd 15s, ray oct aheays be 
Carsed. 


isolated danger, stationed ores 2 danger with nawgatee water ararxt ¢ 
Body: Stack witt rec focurectal Sats} ? zt | 


on eens onan 


Peseez: po 





Toperarks: 2 Sistk soheres 1 i Ware Eg 
Safe water, such a: eed Chance! and eetfes marks 
a i i i art fet jen Wase gts 
= ~ = | ™/ * o, 


Speesal, po: eemarey to Si$st nawgate: taf to exieate soese! festeres 


Sad (stupe egteeai} ytliow 
Topeak (f acy}: yeliow X 





STANDARD BUOY SHAPES s2 cas ceca! A theres! 0 te Leet Sgt fee we} Eola ae | ee eines ay tre. 


COLOR ABBREVIATIONS 26- sone St ey SE ees ta eee Se 
PERIODS of Egtes, where Caring. are eet Sen Hs (for 20 eres} 
RADAR REFLECTORS or sez ooced 





























ee 


aun 


a 












































































































































































































































































































































x 


POO ra 





I 
sgt Pe 











al 











eee i, me a OP, go 


~ 







































Radio telegraph station Radar responder beacon 







Radio teleph tat ee — 
a a hoa 13 ws -Ra Ref Radar reflector (See L-Lf) 













Fiadiobeacon 14 Ra (conspic) Aadar conspicuous object 












Circular radiobeacon Ramark 









ors Oistanse finding station 
aS ve (syachromzed signals) 





Directional radiobeacon, 
Radio range 







AERO “R Bh 


6 Rotating loop radiobeacon Aeronautical radiobeacon 
















Decca station 


















Radio direction finding $tation : 
o LoranSta 


4 
wile riers te 







Pee 18 -° Venice- Loran station {name} 

ANTENNA ATELEM) Telemetry antenna oe of 
. = GGNSOL Bn ; 
19 (0 190 kHz Consol (Consolan) station = 
MME: S.. - 3 






Microwave tower Aeronautical radio range 















Radio mast 
























Radio tower Calibration Bn Radar calibration beacon ; 
, “ LORAN TR > : 

Television mast; Television to we (Mp) SPRING3ISLAND. Levan fower (name) we. i 
ri a4 = g 

Radio broadcasting stat, : a 7 Sg = 
(commercial) (Ma) © aan Li Obstruction light : : 


(Mh) “ORA voME © DOME IRADARY: fader dome 
oRa Dome “oLome (Radar) -_ 


t(Mi) uhf Ulirahigh frequency 
tM) vht Very high frequency 





QT7G radio station 















Radar station 











? 
é 
ee eke 


Fog Signais 






semen eer” eermeenineneend armen nr 8 

fi 

r ‘ 

a " 

Mas > ete 
n he e. 
ESS 
Ht 
5 
Hid i at es 





Fog-signal station 13° «HORN Foghorn 





Radio fog-signal station Electric foghora 


Explosive fog signal 





Fog bell 









Submarine fog signal Fog whistle 




















5  $UB-BELL Submarine fog bell Reed horr 
faction of waves} 

6  SUB.BELL Submarine fog bell 17° «GONG Fog gong 
(mechanical) 





SUB-OSE Submarine osciltator 


Submarine sound signal not 
connected to the shore 
{See N 5.6,7) 

Submarine sound signal 
connected to the shore 


(SeeN 56,7) 
(Na) HORN Typhon 











8 WNAUTO Nautophone 












9 DIA Draphone 












10 GUN Fog gun 













11 SIREN Fog siren (Nb) Fog Der tt Fog detector light (See K 682) 





12 HORN Fog trumpet 


ot a 


a ii 


eirtitomnin? 


4 
att 


— 






































































































































































































































































































































APPENDIX Z: EXTRACTS FROM CHART NO. 1 


Dangers 


ie Wreck showing ay perineal of hull or Awe = 
1 Rock which does not cover superstructure (above sounding datum) (Oc) Fish haven (artificial fishing reef) 


height above MHW) 
28 Wreck (See O I to 16) 
12 Wreck with only masts visible 


(See General Remarks} 
(above sounding datum} | 
13 Opiaymials for wrecks Wre chage 


Wreck remains (dangerous 
only for anchoring, 
ing datum : 
“se” 14 Sunken wieck Janyerous to surface 
3 Rock awash at (near) level ot navigation (less than 15 fathoms] +30 
char? sounding datum over wreck) (See O 6a) ; 


Dotted ne emphasizes danger to 
navigation 


Submerged piling 
‘See H-9, 9a; L 59, 


15 Wreck over which depth ty known 


he zl: 


(Oat Rock awash (height unknown) | 15a ; 


ty Snags; Submerged stumps 
Wreck with 
EE 


(See L 59) 


31 Lesser depth possible 


Wk= 

depth cleared by 
wire ofag 

Dotted line enphesizes danger to : 

nav.gation 


1166 
+ 


a Submerged rock (depth unknown) 


i 


Dotted line emphasizes danger to 
navigation 


Gee: 
5 Shoal sounding on .solated rock 


6 Submerged rock not dangerous 
to surface navigation (See O 4} 


6a Sunken danger with depth cleared 
by wire drag (in feet or fathoms 


Reef of unknow: extent 


20 
21 
22 
22 


23a 


24 


‘oral reef, detached (unco 
sounding datum} 


32 Uncov Ories (See A 10; 0 2, 10, 
33 Cov Covers (See 0 2, /0) 
34 Uncov Uncovers 


(See A 10; 0 2, /0) 


Unsurveyed wreck over which the 
exact depth is unknown, but is 
corsidered to have a safe 
clearance to the depth shown 


= 


Sunken wreck, not dangerous to : = 
Reported (with date} 


surface navigation 


Foul ground, Foul bottom (fb) 


a SEE SER 
CRESS eS aER ta! 36 Discol Discolored (See O 9) 


Overfails or 37 /solated oanger 
Tide rips 


= 
Symbol vied only 
tn small reds 








Symbol wsed only 
soll orecs 





Limit of rocky area 


PA 
2D 
EO 
P Pos 
D 


eee Position approximate 
Position doubtful 
Existence doubtful 
Fosition 

Doubtful 
Unexamined 

Least Depth 


Bk Bank 

SAl Shoal 

Rf Reef (See A IId, 11g, 0:10, 
Ridge 

Le Ledge 











Coral or Rocky reef, covered at 
sounding datum (See A-//d, Ig} 


x Sub: fH 
ee (Oa) Offshore platform (named) 
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Ree AIRC TNH 

































































Leading line; Range Line 
Transit 
In tine with 


2@ Limit of sector 


Channel, Course, Track 
recommended (marked by 
buoys or beacons) (See F 21) 


Alternate course 


Radar-guided track 


SRARARRRARAP Submarine cable (power, 


telegraph, telephone, etc.) 


eSuémarine cable srea 


Abandoned submerine cable 
(includes disused cable) 


Submarine pipeline 
Submarine pipeline area 


Abandoned submarine pipeline 


Maritime limit in general 


Limit of restricted area 


Limit of fishing zone 
(Ash trap areas) 


US Harbor Line 


Lumut of dumping ee 
spoil ground (See P 9; G 13) 


Anchorage limit 


Limit of airport (See | 23, 24) 


Doubtful sounding 


No bottom found 
Out of position 


Least depth in narrow channels 
Dredged channel (with 
control/ng depth indicated) 


Dredged area 


Swept channel (See Q 9) 


Drying (er uncovering) heights 
above chert Saunas datum 


Swept area, not adequately 
sounded (shown by 
green tint) 


Swept area acequately 
sounded (snept by mire 
drag to depth indicated) 





Limit of military practice areas 


Limit of sovereignty 
(Territorial waters) 
Customs boundary 


/nternational boundary 
(also State boundary) 


Stream limit 


lee limit 


Limit of tide 


Lumt of navigation 


Course of recommended (not 
marked by buoys or beacons) 
(See P 5) 


District or province fimit 


Reservation line 


(Options) 
= 


Measured distance 


7 Prohibited area (See G 12, 46) 


(Screen options!) 


esta 
2A FTV FAIRWAY = Shipping safety fairway 


Directed trathe lanes 


Hairline depth figures 
Figures for ordinary soundings 


Soundings taken from foreign 
charts 


Soundings taken from older 
surveys for smaller scale chts) 


Echo soundings 

Sloping figures (See Q /2) 
Upright figures (See Q 108) 
Bracketed figures (See O f, 2) 


Underlined sounding figures 


(See Q 8) 


Soundings expressed in 
fathoms and feet 


Unsounded area 
Stream 
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| R. Depth Contours and Tints see General Remarks) 


10 
11 
lla 
12 
128 
13 
13a 


(Sa) 


15 


(Sb) 
7 
18 
19 


21 
2la 
22 
23 


Rk, rky 
Bids 
Ck 

Ca 

Oz 

Sch 

Co 

Co Hd 
Mds 
Vor 

Vol Ash 
le 

Pm 

r 

Se 

Cn 


Mn 
Sh 
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Ground 
Sand 

Mud; Modav 
Ooze 

Marl 

Clay 

Gravel 
Shingle 
Pebbles 
Stones 
Rock, Rocky 
Boulders 
Chalk 
Calcereous 
Quartz 
Schist 
Coral 
Coral head 
Madrepores 
Volcanic 
Volcanc ash 
Lava 
Pumice 

Tufa 
Scorise 
Cinders 
Ash 
Manganese 


Shells 


Quality of the Bottom 


24 (Ops 
25° Ms 
26 «= Spg 
27, OK 

{ Wd 
23 
Grs 

290 SHG 
31 Sp 
32.0 Fr 
33 «GI 
36D 
35 Rd 
360 Pt 
37 Po 
38 Cir 
38a fy 
38b Ma 
39 fne 
40 rs 
41 sft 
42. hrd 
43 ostf 
44 osm 
45 Irg 
46 Stk 
47 brk 
47a grd 
48 Ort 
49 sir 


Or continuous fines, 


with values 


Oysters 
Mussels 
Sponge 
Kelp 
Seaweed 
Grass 
Seo-rangle 
Sprcules 
Foraminifera 
Globigerina 
Dratoms 
Racholacia 
Preropods 
Poiyzoe 
Curripedia 
Fucus 
A-attes 
Fine 
Coarse 
Soft 

Hard 

Snuff 
Small 
Large 
Sncky 
Broken 
Ground (Shells) 
Rotten 


Streak 


51 
52 
53 


55 
56 


58 
59 


61 


62 


63 


65 


67 


70 


71 


(Se) 


76 


black} 


spk 
gy 
dec 
fy 
glac 
fen 
wh 
bk 
we 
bu 
ga 
yl 
or 
rd 
ér 


ch 


Mt 
ok 


vard 
unev 


S/M 


i 





(blue or 


Speckled 


Gritty 
Decayed 
Fiinty 
Glactal 
Tenacious 
White 
Bleck 
Violet 
Blue 
Green 
Yellow 
Orange 
Red 
Brown 
Chocolate 
Gray 
Light 
Dark 


Varied 
Uneven 


Surface layer 
and Under lzyer 


Freshwater 
Springs in 
seabed 
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some 


I 
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ty 


(Taj 


2a 


da 


i3a 


14 
15 
16 
17 


19 


HW 
HHW 
LW 
LWO 
Llw 
MTL 
MSL 


Sp 

Nop 
MHW 
MHWS 
MHWIN 
MHAW 
MLW 
MLWS 
MLWN 
MLLi? 
ISLW 














T. Tides and Currents 


High water 

Higher high water 

Low wafer 

Lowwatsr datum 

Lower low water 

Mean tide level 

Mean sea level 

Elovation of mean sea level 
ebove char? (sounding) datum 


Chert datum (datum tor 
sounding reduzton) 


Spring tive 

Neap tide 

Mean high water 

Mean high-water springs 
Mean high water neaps 
Mean higher high water 
Mean low water 

Mean low water springs 
Mean low-water neaps 
Mean lower low water 
Indian spring low water 


High-water full and change (vul- 
gar establishment of the port) 


Low-weter full and change 
Mean establishment of the port 
Establishment of the port 

Unit of height 

Equinoctial 


Querter; Quadrature 
Stream 
Current, general, with rate 
Flood stream (current) with rate 
£66 stream (current) with rate 
Tide gauge; Tidepole; 
Automate tide gauge 
Velocity; Rate 
Knots 
Height 
Tide 
New moon 
Full moon 
Ordinary 
yyy 
Flood 
£b6 
Tidal stream dragram 


Place for which tabulated tidal 
stream data are given 
Range (of tide} 


Phase fag 


Current diagram, with 
explanatory note 
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Compass Rose 
The outer circle +s in degrees with zero at true 









north The smner circles are in points and degrees with i " 
the arrow indicating magnetic north | 
Z 
1 6N North | A 
2E East oe 
3 S$ South Gage? 
4 WwW West : aa ae 
5 NE Northeast ne pa . 
6 SE Southeast baer 
7 SW Southwest > - . 
NW Northwest 2 ae 
9 N Northern = = ” 
10 € Eastern <a 
uss Southern Po 
12 W Western : 
21sobrg Bearing | : 
22, 7T True Bo oy 7 
23) mag Magnenc ? = Px 
24° var Variation - 
25 Annual change | 2 
26a Annual change nil | eee 
26 Abnormal variation; F 
Magnetic attraction i an 
27 deg Degrees (See E-20) | ss 
28 dev Deviation pe 
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Index of Abbreviations 


A 
aband Abandoned F 37 
ABAND LT HO Abandoned lighthouse lf 
abt About F 17 
AERO Aeronautical F 22:K 4 
AERO RBn Aeronautical radiobeacon M 16 
AERO RRge = Aeronautical radio range Md 
alt Altitude € 18 
Alt Alternating (light) K 26 
Am Amber K 67a:L 48a 
anc Ancient F9 
Anch Anchorage B 15:G 1.2 
Anch prohib Anchorage prohibited G12 
Ant Antenna Ma 
approx Approximate F 34 
Apprs Approaches Bg 
Apt Apartment \y 
Arch Archipelago B 20 
Astro Astronomical DQ 
AUTH Authorized Fe 
Aux Auxiliary (lignt) K 51 
Ave Avenue | 26a 
B 
B Bay B2 
B Bayou Ba 
B, b, bk Black L 42:S$ 57 
Bdy Mon Boundary monument D 14 
BELL Fog Bell N 14 
bet Between Fi 
B Hbr Boat harbor 3°33 
Bk Bank 0 2l 
Bkw Breakwater G6 
BI Blast 
Bld, Bids Boulder, Boulders 8B 32:S lla 
Bidg Building 1 66 
Bivd Boulevard 1 26b 
BM Bench mark D5 
Bn Beacon (in genera!) L 52.53 
BR Bridge H 14 
Br. br Brown L 46.S 64 
brg Bearing U 21 
brk Broken $ 47 
Bu, bu Blue K 63.L 48:S 69 
BWHB Black and white horizontal 

bands L 27 
BWVS Black and white vertical 

stripes L 14. 14a 
Cc 
Cc Can, Cylindrical (buoy) L 5 
Cc Cape B 22 
Cc Cove B 5a 
Ca Caicareous $3 12a 
Cap Capitol tk 
Cas Castle 14 
Cath Cathedral | 8a 
chi Cable length E 10 
cd Candela E 12b 
cG Coast Guard 3 3.J2 
ch Chocolate § 65 
Ch Church !8 














Chan 
Chec 
CHY 
Cir 


Co 

Co Hd 
concr 
conspic 
CofE 
cor 
Corp 
Cov 
corr 
cps, c/$ 
Cr 

crs 
Cswy 
Ct Ho 
CUP 
Cus Ho 


D 

D 

DD 

D, Destr 
dec 

deg 

dev 
Diag 
DFS 

Di 

DIA 
Discol 
discontd 
dist 

dk 

dm 

Dol 
DRDG RGE 


E 

E 

Ed 
ED 
elec 
elev 
ELEV 
Elev 
Ely 
Entr 
E Int 


Est 
estab 
Exper 
exper 
explos 


Channel 
Checkered (buoy) 
Chimney 
Cirripedia 

Chalk 

Clay 

Clearance 
Centimeter 
Cinders 
Company 

Coral 

Coral head 
Concrete 
Conspicuous 
Corps of Engineers 
Corner 
Corporation 
Covers 
Correction 

Cycles per second 
Creek 

Coarse 
Causeway 
Courthouse 
Cupola 
Customhouse 


Doubtful 

Deep Draft 
Destroyed 
Decayed 
Degrees 
Deviation 
Diagonal bands 
Distance finding station 
Diatoms 
Diaphone 
Discolored 
Discontinued 
Distant 

Dark 

Decimeter 
Dolphin 
Dredging Range 


East, Eastern 

Edition 

Existence doubtful 

Electzic 

Elevation 

Elevator. Lift 

Elevation. Elevated 

Easterly 

Entrance 

lsophase light 
(equal interval) 

Estuary 

Established 

Experimental (ight) 

Experimental 

Explosive 
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Explos Anch 
Exting 
extr 


F 
F 
Facty 
Fd 

FFI 
FGp Fi 


FI 

fl 

fly 

tm 

fne 

Fog Det Lt 
Fog Sig 
FP 

Fr 

FS 

Fsh stks 
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Abbreviations 
Explosive Anchorage (buoy) L 25 HS 
Fxtinguished (light) K 74 ht 
Extreme F 40 HW 
Hy 
Fixed (ight) K 21 Hz 
Factory 1 47 | 
Fjord B2 I 
Fixed and flashing (light) K 29 1Qk. Int Qk 
Fixed and group in 
flashing (light) K 30 In 
Flash, Flashing (light) K 23.45 Inst 
Flood Fg:T 31 Irreg 
Flinty S 53 ISLW 
Fathom E 9 Is 
Fine S$ 39 Iso 
Fog detector light K 68a; Nb It 
Fog signal station Nil 
Flagpole J 19 K 
Foraminifera S$ 32 K 
Flagstaff J 19 ke 
Fishing stakes G 14 kHz 
Foot —E7 km 
Fort 119 kn 
Flag tower J 19a L 
Fucus S 38a L 
1 
Ferry H 19 La 
Lag 
Gulf Bl lat 
Gravel $7 LO 
Green K 64:L 20. 20a. 45:S 60 Ldg 
Gable 1 72 Ldg Lt 
Globigerina S$ 33 Le 
Glacial! S$ 54 Lit 
Fog gong N 17 LLW 
Government House | 30 iNM 
Group K 47 long 
Group flashing K 28 LOOK TR 
Group occulting K 27 Irg 
Ground $ 1.47a LS Ss 
Grass S 28 Lt 
Great Fil it 
Gritty $51 Ltd 
Explosive fog signal N 3 LtHo 
Fog gun N 10 LW 
Gray Ll 47:S 66 LWD 
M 
Horizontal bands or stripes 31 M. Mi 
Harbor B 16:G 3 M 
Head, Headland B 24 m 
Harbor entrance control post Jd m’ 
Hulk G 45 mm 
Higher high water Tila m, min 
Haven B 16a:G 4 Ma 
Horizontal lights K 8] Ma 
Honzontal clearance H 8b mag 
Fog trumpet. Foghorn. Reed horn, Magz 
Typhon WN 12,13, 13a. 16. Na mainte 
Hospital 1 32 max 
Hour El Mc 
Hard § 42 Mds 


hizh School ig 
Heigiy E 19;T 25 
High water Ti 
Highway H1 
Hertz Ec 
Island B 18 
Interrupted quick K 25 
inch z= 6 
Inlet Bé6 
Institute | 61 
Irregular K 71 
indian spring low water 710 
Islands Bi 
lsophase K 23a 
Islet B19 
Kelp S$ 27 
Kilocycle Eg 
Kilohertz Ed 
Kilometer E5 
Knots E 12:T 24 
Loch. Lough, Lake B4 
Lava $17 
Lagoon BEC 16 
Latitude E 13 
Least Depth Od 
Landing, Landing piaceB 33:G 16 
Leading light K 1] 
Ledge O 24 
Little F 2 
Lower low water T 2a 
Local Notice te Mariners Fa 
Longitude E 14 
Lookout station. Watch tower J 4 
Large F3:S 45 
Lifesaving station 36 
Light K2 
Light S 67 
Limited li 
Lighthouse K 3 
Low water T2 
Low water datum Ta 
Nautical mile Ell: Kb 
Mud, Muddy $3 
Meter E 4.d,e 
Square meter E4¢ 
Cubic meter E4c 
Minute (of time) E2: Ke 
Marsh Bj 
Mattes S 38b 
Magnetic U 23 
Magazine 1 34 
Maintained F 36 
Maximum Fo 
Megacycle Eh 
Madrepores $15 
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Me 
MHHW 
MHW 
MHWN 
MHWS 
MHz 
MICRO TR 
mid 
min 
Mkr 
Mi 
MLLW 
MLW 
SLWN 
MLWS 
wm 
Mn 
Mo 
mod 
MON 
Ms 
BS€C, US 
MSL 
Mt 
Mth 
MTL 


N 

N 

N 
NM.NMi 
NAUTO 
NE 
N’Ly 
NM 

No 

Np 
NW 
NWS 


Oo 

OBSC 
Obs Spot 
Obstr 
Obsy 
Occ 


Occ 
Occas 
Off 
Or, or 
OVHD 

PWR CAB 
is 


Oz 


vVuyvuOy 
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Abbreviations 


Mangrove Bk Pag Pagoda 114 
Mean higher high water T 8b Pass Passage, Pass B9 
Mean high water T 7a Pav Pavilion | 67 
Mean highawater neaps T 8a PD Position doubtful 0 42 
Mean high-water springs T8 Pen Peninsula B 21 
Megahertz Ee PIL STA Pilot station J8 
Microwave tower Mc Pk Peak B 29 
Middle F 7 Pm Pumice $ 18 
Minimum Fo Po Polyzoa S$ 37 
Marker Le PO Post Office 1 29 
Marl $5 P, Pos Position O 44 
Mean lower low water T 9b priv Private, Privately F 30 
Mean low water T 8c Priv maintd Privately maintained  17;L 29 
Mean low-water neaps T 9a Prohib Prohibited F 26 
Mean low-water springs T9 prom Prominent F 31 
Millimeter E 4c Prom Promontory B 23 
Manganese S$ 22 Prov Provisional (light) K 72 
Morse code light K 30a Pt Point B 25 
Moderate Fh Pt Pteropods S 36 
Monument 1 35 pub Publication E 15 
Mussels S$ 25 PF Pump-out facilities Gd 
Microsecond (one millionth) Eb PWI Potable water intake 
Mean sea level T4 
Mountain, Mount B 26 Q 
Mouth B 13 Quar Quarantine G 26 
Mean tide level T3 Qk FI Quick flashing (light) K 24 
Qz Quartz § 13 
North: Northern U 1.9 R 
Nun: Conical (buoy) L6 R Red K 66;L 15, 43 
Nautical mile E il R River Bd 
Nautophone N 8 Ra Radar station Mill 
Northeast U5 Racon Radar responder beacon M 12 
Northerly Fq Ra(conspic) Radar conspicuous object M 14 
Notice to Mariners F 42 RA DOME Radar dome Mh 
Number E 23 Ra Ref Radar reflector LtiM 13 
Neap tide T7 RBHB Red and black horizontal 
Northwest U8 bands L 17, 18, 19, 20, 20a 
National Weather Service R Red beacon L 52 
Signal Station jb Bn 
RBn Radiobeacon M 3.4.16 
Rd Radiolaria S$ 35 
Obscured (hight) K 68 rd Red S 63 
Observation spot D4 Rd Road, Roadstead B 14:H 1 
Obstruction O 27 RO Directional Radiobeacon, 
Observatory J 21 Radio range M5 
Occulting (light), RDF Radio direction finding station M 7 
Occultation K 22. 46 REF Reflector K 10:L 64 
Intermittent (light) K 48 Rep Reported O 35 
Occasional (light) F 39:K 70 Restr Restricted Fv 
Office J 22 Rf Reef 0 23 
Orange K 65:L48b:S 62 Rge Range B 27 
RGE Range Kg 
Overhead power cable K 4 Rk Rock B 35 
Oysters. Oysterbed S 24:G 15a Rk, rky Rock, Rocky $11 
Ooze $4 Rky Rocky Bh 
R MAST Radio mast M9 
Rot Rotating (light), Revolving « 31 
Pebbles $9 RR Railroad H 3 
Pillar (buoy) L 8a R RELAY MAST Radio relay mast Mb 
Pond 2b R Ste Radio telegraph station, 
Port B 17:G 5 QTG Radio station M1. 10a 
Position approximate CO 41 RT Radio telephone station M2 


A CEC NH 
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St 

St 

Sta 

Sta 

stf 

Stg 

Stk 

St M, St Mi 
Str 

Str 

str 

sub 
SUB-BELL 
Subm, subm 
Subm Ruins 
SUB-OSC 
Sub Vo! 
Subm W 
sw 

sw 
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Abbreviations 


Rotten § 48 
Radic tower M9 
Ruins | 40 
Red and white beacon Ll 52 
Railway H 3 
Sand $2 
South; Southern U 3.11 
Spar (buoy) L8 
Scoriae S$ 20 
Schist S$ 13a 
School 1 65 
Sound B8 
Sounding doubtful Qi 
Southeast U6 
Second (time; geo. pos.) E 3:Kd 
Sector K 49 
Semaphore J 10 
Short flashing (tight) K 25a 
Soft S$ 41 
Shells S$ 23 
Shoal 0 22 
Signal station J9 
Fog siren N11 
Stroke Fu 
Short-long flashing (light) K 28a 
Slough Be:C 18 
Southerly Fr 
Small F4:S 44 
Shingle $8 
Spring tide T6 
Spherical (bouy) L7 
Sponge S 26 
Spicules S$ 31 
Standpipe 1 45 
Speckled S$ 50 
Storm signal station Ju 
Saint Fol 
Street | 26 
Stones S$ 10 
Station J1,2 
Standarc F 32 
Stiff S$ 43 
Sea-tangle S$ 29 
Sticky S 46 
Statute mile Ea 
Strait B7 
Stream Be:T 17 
Streaky S 49 
Submarine F 20 
Submarine fog bell N 5.6 
Submerged F 33:0a, 30 
Submerged ruins Gd 
Submarine oscillator N 7 
Submarine volcano 08 
Submerged Well Ob 
Southwest U7 
Swamp Bl 
Tonne El2a 
Ton Ey 
Mae ~ 
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T Telephone i 70:L 22c 
T True U 22 
T Tufa $19 
TB Temporary buoy L 30 
Tel Telegraph | 27:L 22b 
Telem Ant Telemetry antenna Ma 
Tel Off Telegraph office 1 28 
Temp Temporary (light) F 38:K 73 
ten Tenacious S$ 55 
Thoro Thorofare B9 
Tk Tank 1 53 
T Tower 141 
TRLB, TRUB, TLB, TUB Ki. j,k! 
Tri Triangulation D 10 
TV TR Television tower (mast) M 9a 
U 

ubf Ultra high frequency Mi 
Uncov Uncovers: Dries O 2,32, 34 
Univ University Ih 
unverd Unverified Fb 
unev Uneven $71 
BSC, ps Microsecond (one millionth) Eb 
V 

var Variation U 24 
vard Varied S 70 
VB Vertical beam Kf 
vel Velocity T 23 
Vert Vertical (lights) K 80 
VERT CL Vertical clearance H 18a 
vhf Very high frequency Mi 
Vi, vi Violet K 61:S 68 
View X View point D6 
Vil Village 13 
Voi Volcanic S 16 
Vol Ash Volcanic ash Sb 
vs Vertical stripes L 32 
WwW 

Ww West, Western U 4,12 
W, wh White K 67:L 41:S 56 
a White beacon L 52 
Wd Seaweed S 28 
Whf Wharf G 18 
WHIS Fog whist'a N 15 
Wk Wreck O 15, 28 
Wks Wrecks, .vreckage Oo 25 
WOr White and orange le 
W'ly Westerly Ft 
Y 

Y.yl Yellow L 24, 44:S 61 
yd Yard E8 
1st First Fj 
2nd, Za Second Fk 
3rd, 3d Third Fi 
4th Fourth Fm 
2 Degree E 20 
c Minute (of arc) E 21 
" Second (of arc) E 22 
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AIDS TO NAVIGATION ON NAVIGABLE WATERS 
except Western Rivers and Intracoastal Waterway 


LATERAL SYSTEM AS SEEN ENTERING FROM SEAWARD 
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of radionavigation stations 
Channels, use of in radio 
Chart(s), advance preparation of 
classification by scale 
dates, on, discussed 
first edition 
revised print 
defined 
history of 
for lifeboat navigation 
lighting of... 212 0...0---232-cceese 
maintaining of 133 
new editions of 113 
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Page 
Chart(s)—Continued 
ot other agencies_. - 1252-1253 
projection, defined. a 64 
reprint of. a 
stowuge of 
use of 
Chart datum sounding, defined. 
Chart Information in Satling Directions 
(Enroute) 330 
Chart No. 1, extracts from 1325-1353 
Chart numbering system, described...- 128-132 
Chart/Publication Correction Record Card 
(DMAHC 8660/9) 
Chart sounding datum 
Chart symbols, discussed 
Chevalier, Reberta; sight reduction tables 
Ofnsh on leaden sstecececevecucdles 581-586 
Chiesa, Stefano; sight reduction tables of. 
Chimney, chart definition of 
Chinook, defined 
Chip log 
in lifeboat. navigation 
speed measurement device. 
Chlorinity, of seawater. 
Chronometer, history of 
Chronometer error, defined 
Chronometer rate, defined 
Chronumeler Tables, of Percy 


Chronometer time 
ciseussed 
use of aM and pat 
Circie(s), altitude measurement by---- 701-702 
of equal altitude, as circle of position... 442-443 
discussed 441-443 
utilization of - 443-444 
of equal angle, in three-point fix.---. 304-305 
of equivalent probabiliey 1213-1217 
of latitude, defined...---.------.---- 380 
of longitude, defined 
of position, as circle of equal altitude... 442-443 
of earth .__-..- -- 0-1 en ee ee ee en eee 57-58 
Circular error probable, in two-dimen- 
sional crrors...------------+----+--- 
Circular probable error 
in two-dimensional errors... ---------- 
Circular radiobeacon(s), defined 
Circulation, of atmosphere, apeniHiOns 


Circumhorizontal arc, defined 
Circumpolar celestial bodies, defined 
Cireumscribed halo, defined 
Circumzenithal arc, defined 
Cirripeda, defined 1 
Cirrocumulus clouds, described... ------- 856 
Cirrostra.us clouds, described 856-857 
Cirrus, meaning of.--..--------------- 5 
Cirrus clouds, described 
Cities, on charts.---.--------------0--- 
Civil day...------------------------"3 
Civil twilight, defined 
Clamp screw, use of..------ 
Clamp screw vernier sextant, ¢ 
Climate, defined.-.---------- ettoaae . 
and ocean currents 785-786 
Clocks, and timekeeping. -- ---------- 459-461 
Close pack, concentration of ice..------ Sil 
Cloud(s), height measurement Oi - ----- 860-861 
types of, described 855-860 
Clutter, on radarscope. . 
Coaltitude, illustrated 
Coarse lane, Omega, defined - -- 
identification of 


Coast chart, description of a 
Coast pilotis}, and currents- ----------- 
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Coast Pilots, correction of 
projects depths in__. 
subjects included 
unverified information in 
Coastal current, defined 
Coastal Features, information on in Sail- 
ing Directions (Enroute) 
Coastal refraction, of radio waves 919, 933 
Coasta! Winds and Currents, as depicted in 
Sailing Directions (Enreaute) 330-332 
Cocked hat fix, formation of.......--. 278-279 
Code of Federal Regulations 
time zones in 
Code of Federal Regulations (83 CFR 70), 
protection of aids to navigation 
Codeclination, iBustrated 
Coding delay, of Loran-A 
Coctiarnt (G); A, defined. .--..----.---- 


of compass 
values of 226 
discussed_....---.--------..--~ 210-211 


deviation, approximate 


Coercivity, defined. _....---..--.-----. 
Colatitude, illustrated... .-.--------.-- 
Cold airmass....--.-----------.-- eee 
Cold front, defined 

Cold low, defined 

Cold wall, of Gulf Stream_- 

Celine, Elmer B.; s'ghit reduction tab: 


Coma (head), cf comet, formation of 
Combined Time and Altitude Azimuth Table, 
of Johnson 
Tomet(s), described 
and meteors, discussed 
in solar system. ..-.2----c.--.e. eee 
Command, establishing, in lifeboat 
Commercial radio broadcasting station ({s), 
onichartse.. oo. S042 ccc 
Commen establishment. ..._...0---.--- 
Common log (speed indicator) 
Common quadrant 
Common year, defined 
length of 
Communications, in ship weather routing. 666 
Compact pack, concentation of ice 
Comparing watch, described.._-_..... 436-417 
Comparison frequency, of Decca signals... 1609 
Compass, history of - 
kinds of 
for lifeboat navigation 
location of, cfect on deviation 
US. Navy 5-inch, described ..-..... 158-160 
US. Navy 73-inch, described 158 
variation of, latitude determination by. 707 
longitude determination by-.- 708 
Compass adjustment, defined -__ -- 209 
208-209 
procedure for, preliminary steps. 
underway 
purpose of_....-.--.-. 2002-2 ne nee 
Compass bearing, defined 272 
Compass card, described....._._._... 157-158 
history of 9 
of magnetic compass_._...--.-.---- 156- 
Compass compensation, defined | 
degaussing 240 j 



































Compass course 

Compass directicns, defined... 

Compass error, defined. 

Compass north, defined 

Compass rose(s), on charts 
on position plotting sheet. 
use of in plotting 

Compasses (plotting instrument), defined - 
description-and use of.-.---....-- -- 

Complete Coastal Navigator, The; 
Charles H. Cotter 

Composite group flashing light, Light 
List entry tor 

Composite radionavigation systcm. 

Composite sailing, defined 
discussed 

Compositicn, of radar target, effect on 


g - 
Compressib‘lity, of seawater_..... .---. 
Computation algorithms, of satellite 

navigation 
Computed altivude, of celestial body__--. 
in sight reduction 


Computed and chserved altitudes, com- 
paris.n of 516 
Comrie, L. J.; sight seduction tables of. 574-575 
Concentration, of pack ice. . 811 
Conductor, electrical... .....-.--.------ 
Cone, defined 
Conformal projection, cha ‘acteristic oi--. 
Conformality, of polar pro;ection. ...--- 
Conic projection (s), features of 
with two standard paralle-s, ‘defined..-- 
Conjunction, of planet, expl-ined....---~ 
Cornaissance des Temps, first >fficial 


— 
wid 


-* 


‘onso} 
discussed 
method of use 
operational range of....----..- .---. 1018 
in polar regions 686 
signal of 1012-1014 
Consolatt.22-<.--+- s.2S<a-sesacerceces- 1013 
Consolidated pack. concentration of ice... 811 
Constan, P.; azimuth graph of... .----- 615 
Constant error, defined 276-277, 1206 
Constant. of the cone, defined 675-677 
Consteliation(s), defined 354 
names, meanings, pcaitions of 
Continental borderland, defined 
Continental drift 
Continental margin, defined 
Continental rise, defined 
Continental shelf, defined..... 648, 748, 749, 750 
Continental slope, defined 648, 748, 750 
Continuous _radionavigation system, 


Continuous wave, of radio transmission. . 
Contours, on charts. 
Contrary name, of declination and Iati- 
tude, defined 
Contrary-Same Line, in Pub. No. 229.--- 521 
Control center, of navigation satellites. 1021-1022 
Controlling depth{s), defined 
determination of .....0--.-..-.------ 
discussed... ee cee ee ete aecue +e 
tabulations of, on charts 
Contention on Safety of Life at Sea 
Convergence, of wave energy. ..-------- 
Convergence zone, defined 
Convergency, defined 
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correction to 


oe angle, 
bearir 
Gonrdinatets). 
chart 


936 
determination 


in geodesy, discussed 
geographical, defined 
Coordinate systems, on celestial sphere... 373-974 
summary of 38 
Coordinated Universal Time, erigin of _ _. 
Cordillera, defined 
Coriolis acceleration 
Coriolis force, defined 
Corner reflector, as aid to radar naviga- 
tion 
Cornet; azimuth graph of. 
Corona, defined 
of sun, defined 
of sun or moon, discussed 
Corposant (St. Elmo’s fire) 
Corrected establishment 
Correcting, of compass error, defined 
Cosine-haversine formula, historical use of. 
publication of 
Cosmographia, of Ptolemy. 
Cotter. Charles 3 The Complete Coastal 
Narigator of. 
Countercurrent, defined ......-__--._._. 
Counterglow, defined 
Course(s), of ‘advance, defined 
on ch 
ana coursé angle. 
defined 


ig 
made good, defined 
over ground, defined 
symbol used for 

Course angle, and course. . 
defined 
symbol used for 

Course line, celestial, defined 
defined 
labeling of. 
plotting of 

Course recorder, described 

Crepuscular rays, described 

Crescent, of moon, explainec 

Crest, of Tadio wav e, defined 
of water wave, defined 

ritical range, of Loraa-A waves... 22 -- 
en paper, in tifeboat naviga-~ 
ion 

Cross-staff, descriptioa of -- 

Crossed loop antenna._______ 

Crosstalk, in radio receiver 

Cubit, length unit, origin of 12 

Cugle, Charles H.; +; azimuth tables of. 614-615 

Cugle’s Tree-Minute Azimuths 

Culmination, defined 

Cumbeli¢, Petar; sight reduction table of. 

Cum:lonimbus clouds, described 

Cumulus, meaning of - - - 55 

Cumulus clouds, described 

Cupole, chart definition of- 

Current(s), on charts 124 
defined_--_. 2.20.22. 2k 254, 771, 778 
discussed » 254-256, 754 
effect on sea state 
observations of 
in polar regions 
prediction of 
in surf zone 

variation of, across estuary 
with depth 

Current diagrams, use of 


1244 


575 




















Current rose (ellipse) 
Cursor, of plan position indicator. 
Cusps, of moon, defined 
Cyclan, development of 
Cycle, defined 
Cycloid, wave as 
Cy clone(s) defined 
description of. 
in South Indian Ocean 


Cyclonic storm, in North Indian Oi” 
Cylindrical projections, features of. 


D layer, of ionosphere 
Daily Memorandum, discussed. 
chart maintenance items 
special warnings in 
Daily rate, defined 
Damp haze, defined 8 
Danger(s), chart symbols for, described. 117-118 
Danger angle 292 
use of, 
Danger bearing, use of 
Danger sounding, use of 
Dangerous semicircle, defined 
Dark trace tube 


475 
1305-1307 


Datur(s), geodetic, preferred 
1305 


Datum co ‘nection, geodetic, discussed. _-. 
Davidson Curent 
Davies, Tho. as D 

of 


Davis, John E.; azimuth tables of 
Davis, Percy L. H.; Alt-Azimuth Tables of- 
azimuth tables of 
Chronometer Tables of. 
Requisite Tables of 
Dawn orbit, of navigation satellite. 
Day, defined 
length of, latitude determination by--- 
Day beacon(s), in buoyage system 


Daylight saving time. 
with tidal predictions 
Daymark, described 
Day’s ‘work, described 
De Colong deflector, described 
De Jonge, Joost H. Kiewiet; 
tion method of 
De Principits Astronomiae, of Frisius--..- 
De _ Revolutionibus Orbixum Coelestium, of 
Nicholaus Copernicus 
Dead reckuning 
and celestial navigation 
defined 
importance of, in lifeboat mANISOOn es 
introduction f0....---.------------ 250-251 
keeping of, in polar regions._....--..-. _, 682 
by plot ---- 253-254 
in polar regions 677-678 
nse Reckoning Altitude and Azimuth Table 
(H.O. Pub. No. 211), of Ageton 
Dead reckonirg equipment, discussed. - -. 
functions of 
Dead reckoning position, defined 
determination of - 26 
Dead reckoning tracer, principles of. 191-193, 257 
Dead water 795 
Deconte; azimuth tables of...-....----- Z 
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sight reduc- 


257 
191-193 
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Distance-difference measurement, in radio- 
navigation systems. --...-.-.-.-..- 968-970 
Distance finding station(s), chart symbol 
{OPO nes nt esc aceee eee se 121 
Use 0f.- 55. kaccseaceeennseaee cas 937-938 
Distance off, determination of, from life- 
DOat.coct se accecewsdetetenseeeoce 708-709 
Distance, speed, and time; relationship ve 
Ose vee see Soe ec awteedeston: 
Distance traveled, measurement of... ._- 143 
Diurnal circle, defined. _._...---___- 
Diurnal current...---...-.-----.------ 
Diurnal libration, of moon 
Diurnal tide, defined...___ ou 
Divergence, of waves....-.-.---.-___.- 
Diversion, in ship weather routing z 
Dividers, defined__---.-..-..---------- 137 
description and use of._....---....--- 137 
D'Ocagne, Maurice;  altitude-azimuth 
graph of... 322-22 ceccsleckee cee 600-601 
Docking aid(s), doppler as.....--_-_.---- 1066 
Doldrums, weather in_.._._..---.-__--- 866 
Dome, chart definition of.............-- 123 
Doniol. R.: sight reduction tables of... 570-571 
Doppler dead reckoning, described______. 257 
Doppler effect, defined____...---...___. 1506 
Doppler sonar navigation, basic design 
considerations......0..-.-..._- 1070-1071 


development of expressions for the ves- 
sel’s speed in the fore and aft and 


athwartship directions. .---.._- 1071-1075 
introduction to--.....-------2.- 2-8. 1066 
operational errors in. -.--_.--...- 1067--1069 
problems associated with beam ge- 

OMOUY .csio ects. cole. cet leccs 1070 

Doppler sonar navigator(s) -__--._--~-- 1066 


Doppler sonar speed log(s)..---....-.-- 1066 
Double altitudes, longitude determination 





PY -werwettacocecscosbccupsesuzseswe 589 
Double high water..-_._.--..--..-.---- 765 
Double iow water. -..._-_--....------- 765 
Double-second difference, defined_...__ _- 526 
Double star, defined. ___....--..-_----- 354 
Doubling angle on bow, defined... ___- 291-292 
Dozier, Charles T.; sight reduction method 

Olea A SS Scctaw cane oslo eee 591-592 
Dealt ship’s, in underwater log calibra- 

IONS 23 octane else eco ccueecestoes 
Drafting machine, description and use 

Ofna sole 139-140 
Drag circle, construction of....-.....--- 649 
Dreisonstok, J. Y.; sight reduction tables 

Olas foot eee ct hee ete A 564 
Drift, of current, in celestial navigation.. 453 

defined...-22-2- eee --- 254, 778 

discussed. 5 772 
Drift angle, of vessel in turn, defined... 295 
Drift current, defined..__..--.-2...2--- 778 
Drizzle sco. -s oe So Ba ees ee 878 
Dry-bulb temperature, indication of... 854-855 
Dry-bulb thermometer.............-- 854-855 
Dry haze, defined. .....-.-----..------ 878 
Duct, of radio waves_......-.-----.-- 918-919 
Dummy log. ------------------ 2-22. 147 
Dumping grounds, defined........._-_--- 720 
Dusinberre, H. W.; sight reduction method 

Olen os feeb e cou ceaccacosscocisenecse 610 
Dust devil, defined. ....2...-----2-2--- 878 
Dust whirl, defined....2..-.---2-2----- 878 
Dutchman’s log, history of..-........-. 10 

in lifeboat navigation.._....-.....--- 699 

speed measurement device...... 222-2. 144 
Dynamic pressure, of water_......-..-.- 149 
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Dynamic water pressure, speed measure- 
ment: bYio222 2c 25265 5 Vocee chee 149-150 
Dynamical mean sun, defined..---.-..-. 467 
Dyne, unit of force, defined_.....--..- 845-846 
E layer, of ionosphere.........2-------- 919 
E-link, described.._--..---.-------..-. 222 
EM log, described. --...-...------.~-- 145-149 
Earth, magnetic field of, effect on Omega 
Signals... -c6-2 ss cesses lene cscs 
measurement of_..--.-.----------- 198 
aS.a:plane(s 22 cc sl cSececek te 347-348 
shape of_...---- af 57 
discussed. . - 1296-1297 
histori¢al<2565-0220.52 22222. 0cs5 22-23 
size determination, by Eratosthenes.._- 4 
Earth rate, of gyro.-....-------------- 167 
Earthshine, on moon, defined_-.-.-..--- 367 
East, as direction of measurement.-...-- 59 
East Australia Current....._..--------- 784 
East component, earth’s magnetic field, 
defined sc.2 2220522 -Ssc8cenescee eases 198 
East Greenland Current._..-.--.----- 782, 785 
Easterly wave, of tropical cyclone.-_..-- 898 
Eastern North Pacific, tropical cyclones 
Meo bose se ee Sel eedsceebeeze sue 
origin, season, frequency.------...- 891 
Eastern standard time...-..----------- 477 
Ebb, of current, discussed - - 772 
strength of, defined._._....------.-.- V7 
Ebsen, Julius; azimuth tables of..--..--- 614 
Eccentricity, of earth’s orbit..----.----- 344 
Eccentricity component, defined.....--- 467 
Echo, radar, recognition of unwanted... 957-960 
Echo sounder, description of. -...-.-- 151-155 
development of. .--.--.--------+---- 46 
in polar regions. ..--.-..-.---------- 686 
Echo sounding, origin of...----.------- 14 
Echogram, use of, for records_.----.-. 728-729 
Eclipse(s), of lights. --.-....----------- 94 
longitude by...--------------------- 31 
of sun and moon, explained__------. 369-371 
Eclipse year, length of. ......----.----- 371 
Ecliptic, discussed... -_- 359-362 
as primary great circle...-- .-- 380 
obliquity of, defined......----..----- 359 
Ecliptic poles, defined....-..------.-.--- 380 
Ecliptic system of coordinates, described.. 380 
Eddy current, defined._._..------~--..- 778 
Eddy viscosity, of seawater_.----------- 746 
Eighteenth century navigation, history of- 3 
Ekman spiral, defined.._....-----~--- 778-779 
Ekman wind current, defined-...-.----- 778 
Electric current, defined-...------.----- 915 
Electric psychrometer, described... .....- 855 
Electrical conductivity, of seawater.._.-- aT 
Electricity, history of ..-.....---------- 45-46 
Electromagnetic radiation. __.-------- 915-916 
Electromagnetic spectrum, defined__..-. 917 
Electromagnetic underwater log, de-_ 
scribed__.-.-...-.-.----------4-e- 345-149 
Electron(g)__----------.2------------- 918 
Electron gun, of cathode-ray tube, de- 
fined. 22:2 oe cee si vecccecsacee Lennon 928 
Electronic aids, other, in polar regions... 686 
Electronic interference, appearance on ‘< 
radarscopt....------.--------------- 958 
Electronic navigation, defined-.-.-..---- 56 
Electronics, application of te navigation... 46-47 
defined..___....--..--..------.----- 57 
history of._..- iinwesteerontconente 46 
in piloting.....--------------------- 300 
Elements of Navigation, of Robertson---_- 20 
Elevated pole, defined_ _.-------------- 378 
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Ellipsoid(s), and gecid, fit of 
orientation of 
of revolution 
earth as 
Elliptical orbits, Kepler’s laws of. 
Elongation, of planet, explained 
Endless tangent screw vernier sextant, 
described 
Engine revolution counter 
origin of 
speed measurement by 
Ephemeris second, defined 
Ephemeris Time, defined-_._--..-.--- 463, 484 
®yicenter, of seismic sea waves 793 
Eploysiees plan of 
pistola de Magnete, of Peregrinus de 
Maricourt, 
Epitome of Navigation, of Norie. 
Equal area(s), as desirable property of 
projection 
Kepler’s law of. 
Equa! interval light, defined 
Equation of time 
defined 


Equator, defined... .--...----.---..-- 
Equatorial airmass, source region of 
Equatorial Azimuth-Table, An; of Good- 


win 614 
Equatorial Countercurrent, in Atlantic 
779-781 


783 
Equatorial current, in oceanic circulation. 779 
tidal 773-774 
Equatorial cylindrical orthomorphic pro- 
jection 


Equatorial horizontal parallax, defined. -- 
of moon, tabulation of 
Equatorial projection, defined 
Equatorial tide 
Equinostial, formation of 
Equinoctial year, length of.......-.....- 
Equipotential ellipsoid, defined 
Equipotential surface, of geoid, defined__- 
Equisignal, of Consol 
Error(s), adjustable of sextant 
of collimation 
1208-1210 
defined 1204-1205 
of inertial navigator, eighty four and 
four tenths minute Schuler oscilla- 


twenty four hour oscillation 
nonadjustable of sextant 
nonrandom sources, in satellite naviga- 

tion 1053-1055 
random measurement, effect of on satel- 

lite navigation -- 1050-1053 
of three-point fix, causes of 

Escarpment, defined 

Establishment, of the port. 

Estimated position, defined 56, 250, 446 
as equivalent of most probable position. 447 
establishment of_.........--.-...-. 446-448 
in piloting 294 

Eulerian motion, defined ? 358 

European Datum, geodetic 1305-1307 

Evasion, in ship weather routing 

Evening star, defined 

Evening twilight, defined 


Ex-meridian altitude(s) 
defined and discussed 

Ex-meridian observation. _..---..---- 550-551 
discussed: oo oes c eel ockec 5 
of sun, in latitude determination 

Exact coefficients, defined..--_-_...---. 

Excelsior Azimuth and Posilion Finding 
Table, The; of Blackburne 

Ezercises, of Blundeville. 

Expendable bathythermograph, de- 2 
scribed 744-745 


opment of 
Heard’s modification of 
Explanatory Supplement to the Astronomical 
Ephemerts and to the American Ephemeris 
and Nautical Almanac, publication and 
contents of. 22. coc cossc sc occ esas 
Extragalactic nebula, defined 
Extratropical anticyclone(s), defined 
Extratropical cyclone(s), defined_...---- 
Extremely high frequency, radio wave 
propagation of 
Eve, of hurricane, described. .-..------- 


F layer, of ionosphere 
F-Tafel, of German Navy 
Face, of cathode-ray tube 
Facom, development of 
Fading, of Loran-A waves 

of radio waves 
Fahrenheit temperature, defined 
Falkiand Current_.....------ 
Fall wind, defined --_- 
False echo, radar, cause of.__. 
Fan, defined 
Fast ice, defined 
Fata morgana, defined 
Fathom 


Fault lines, in earth’s surface 
Favé, L.; sight reduction diagram of 
sight reduction method of 
Federal project depth, defined 
Feeder current....-...---------------- 
Fetch, effect on sea state 268 
of wave, defined..........--..----- 787-789 
Fictitious equator, of transverse and 
oblique Mercator projections. 
Fictitious graticule, of transverse and 
oblique Mercator projections._...----- 
Fictitious meridian (parallei), of transverse 
ang oblique Mercator projections 
Fictitious pole(s), of transverse an 
oblique Mercator projections_...------ 
Fictitious rhumb line, on polar grid 
on transverse and oblique Mercator 
projections-.-..._.--.---~-------~ ~ ol 
Fidelity, of radio receiver, defined. ...- 927-928 
Field, of magnetism 915 
Final diameter, of vessel in turn, defined-- 
Fine lahe, Omega, defined 
Fireball, meteor as 
Firing danger areas, discussed 
Firing practice area(s), on chart. 
First differences, Pub. No. 229 interpola- 
tion, defined 
SE pee of oy time = - 
arst-order (primary) triangulation, in 
geodetic surveys..._..---.------- 1380-1301 
First point of Aries, defined. ---- 362 
as reference hour circle 
First. quarter, of moon, defined... 
First-year ice 
Fish havens, defined 
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Fishtrap areas, defined.__.._......-_..- 720 
Five-digit numbers, of chart numbering 

SYSLEM 2 os ooo o-oo eee oo eats woes 128 


Fix, adjustment of for constant error.__ 280-282 
celestial, plotting of, discussed_..._. 448-451 


formation of..--------..----..--.. 274-275 
labeling of-...-.---.--.--------- --- 253 
by nonsimultaneous observations. _. 282-286 
types of, discussed.........---.-._- 274-276 
Fixed structures, lights on, on charts____- 118 
Flagpoie (staff, tower}, chart definition of. 123 
Flamsteed’s r.umber, for stars.-....._._- 617 
Flashing, described.-......---.-.-.-_-- 244 
Flashing light, defined. ....-------2_... 94 
Flashlight, in lifeboat navigation. _______ 694 
Flattening, of ellipsoid, ratio of......... 1296 
Flinders bar, description of.-.....-____- 215 
determination of length. ...2.-.____ 217-219 
OTIPIN Of x62. oe Se cece Lee 10 
Floating aid(s), buoys as_._.......-_--- 99 
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True, Clarence H.; sight reduction diagram 


of 
True bearing, defined 
True course 
True direction, defined...--...---.----- 
True north, as reference direction 
True wind, defined 
Tsunamis, defined 
Tsushir-a Current, 
Tufa, defined 
Tundra, described 
Turbidity current, described 
Turning bearing, discussed 
Turning characteristics of vessel, allow- 

ance for 2 
Turning circle, of vessel, illustrated 
Twentieth century navigation, nistory of. 
Twilight, defined 

finding time of, by almanac. 

in polar regions 

of sun and moon, almanac time of. 

at moving craft 

Twinkling, of star. 
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Two-bearing plot, discussed 

Two-degree-of-freedom gyroscope, 
scnbed 

Two-digit numbers, of chart numbering 
system 

Typhoon, defined 
in western North Pacific 

Puphos Havens Handbook for the Western 

acificand Indian Oceans, of Naval Envi- 

ronmental Prediction Research Facility. 909 

1002 


717 


U.S. Coastal Confluence Zone, Lorar-C in. 
U.S. long range radio navigational warn- 
aye sere discussed 


= aval Observatory, establishment 
0! 
US. ids Marine Climatic Ailas of the 
or 
U.S. Navy Training Device Center, sight 
reduction method of 
USSR tables, for sight reduction 
Ultra high frequency, radio wave nropaga- 
HON Ofscccaesccucoscsec aie cases! 
Uncharted objects, cutting in, with hori- 
zontal sextant angles 310 
Uncorrecting, of compass error, defined... 205 
Under-keel clearances, discussed 720-721 
Underwater log calibration, advance prep- 
arations 1265 
duties of observers 
introduction to 
runs required 
verification of markers 
Underwater navigation, defined 
Underwater sound, and the navigator .. .- 
Uniform Cardinal System of buuyage.... 1311 
Uniform Lateral System of buoyage 1311 
Uniform State Waterway Marking Sys- 
tem, discussed 107-198 
Uniform System of buoyage 
United States Coast Pilots, publications, 
discussed 
United States of America Nautical Chart 
Sanibale and Abbreviations (Chart No. 


611 


925 


332 


722 
United States system, of time signals-... 491 
Units of measurement, distance and 
speed 
Universal law of gravitation, Newton’s. . 
Universal plotting sheet, defined 
in lifeboat navigation 
Universal Polar Stereographic grid 89 
Universal Time, define 364-365, 475-476 
discussed 462 
reference for 
Universal Tranyverse Mercator grid 
Unlighted buoy(s), shapes of 
Unlighted sound buoy, described 
Unstabilized scope presentation 
Unverified information, discussed 
Upper air, observations of. 
Upper branch, of celestial meridian, de- 
fined 
of meridian, defined 
Upper front 
Upper limb. 
Upper transit, of celestial meridian, de- 
fined 
Uprush, of waves 
Uranus, described 
Urgent reports, by radio 
Uribe-White, Enrique; sight reduction 
method of 
Utility, limits of, on polar projections... 










































































































































































Valley, defined 

Variable range marker, on PPI 

Variable stars, defined 

Variability, in speed measurement 

Variance, defined 

Variation, application of. 
of compass, longitude determination by. 31-32 
define: meer 


of latitude and longitude, due to eulerian 
motion 

Veater, altitude and azimuth by map 
projection 

Veering wind oie 

Velocity meter, defined 

Velocity of sound error(s), in doppler 
sonar navigation ae 

Venus, described..__._._-.- 

Vernal equinox, defined 
ag reference hour circle 

Vernier, on marine sextant 

Vernier sextant, discussed 

Vertex, of great circle, defined 

Vertical axis, of gyroscope 

Vertical beam width 
effect on radar range 

Vertical circle(s), defined 

Vertical danger angle(s), described and 
discussed, 

Vertical deflection plates, of cathode-ray 


1068 


Vertical earth rate, of gyro, described 
Vertical force instrument, described 
Vertical intensity, earth’s magnetic field, 
defined. 
Vertical-plane coverage diagram 
Vertical ring, of gyrosphere 169 
Vertical surveying, process of.._..-- 13801-1302 
Very close pack, concentration of ice 811 
Very high frequency, radio wave propaga- 
tion of 
Very low frequency, radio wave propaga- 
tion of 
Very open pack, concentration of ice.--- 
Vessel motion iziduced error(s, in doppler 
sonar navigation 106 
Viscosity, of seawater 
Visibility, defined 
measurement of 
Visible horizon, defined 
dip of, by hasic calculator - -. 
distance to, by basic calculator... 
Visual range, of lights, discussed 
factors affecting 
Voigt, “Orion” sight reduction instrument. 
Vucetic, Tamara; “Toposcope” sight re- 
duction device 
Vulgar establishment, 


Waggoner 

Wakeley, Andrew; azimuth tables of 

Waller, George W. D.; sight reduction 
method of 

Wandering of the poles, defined______--- 

Waning, of moon. 

War timesoc. > 2232 <2. sec cs cence cess 5 <5 

Warm airmass 

Warm front, defined 

Warm sector. 

Watch, use of. 

Watch buoys, discussed 

Watch error 


Watch rate 
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Watch time, discussed_.- .- -- 480-482 

use of aM and PM...-.-_-~-- 471 
Watch tower, chart definition of. 123 
Water areas, on nautical charts... 114-116 
Water sky, described... ._--.-. 827 


Water-speed measurement, problems ‘of. 144-145 
Ww ee (s), Ressler Loe -~ 8&4 

















Wave(s), causes of 737 
characteristics of 787-700 
787 

791 

791 

795 

791 

measurement of, from ship 792-793 
path of water particles in. 790-791 
and shallow water._._.--- 791 
use of oi] on. ...-.-.-.-.------ 795-796 
Wave front, of radio wave, defined. 916 
Wave height, defined. .._- 787-789 
Wave interference, defined. 918 
Wave period, defined -. 787-789 
Wavelength, defined. __- 787-789 
of radiowave, units of. 916 
Waxing, of moon-. 368 
Weather, defined 863 
forecasting of... 84-886 


influencing the....-.-.----.--- ne 
information on, dissemination of-.-- 886-887 
interpretation of...---...-- 



















Weather advisory, defined. .._.- 665 
Weather elements, introduction t 863 
Weather map-.....-.-------~--------- 885 
Weather Sheer nian introduction to... 895 
recording of.-.....--.------~------- 861 
Weems. Philip van Horn; Line of Position 
Book Of oe cacs ea ches eek eceeees 573 
New Line of Position Tables of. 574 
“Polar Computer” of.-..-.- 808 
Secant Time Sight of -_-- 564 
Star Altitude Curves of - . 607 
Weir, Patrick, azimuth diagram of. 615 
West, as direction of measurement- 59 
West Australia Current....-..---- 785 
West Greenland Current... ae 






West Wind Drift__...._-- 
Note North Pacific, tropical cyclones 













Spc aeuecceansten cae eees ee 891 

ori a season, frequency.......-. 891-894 

= Wet-bulb temperature, indication of... 854-835 

ze Wet-bulb thermometer_-..-.---.---- 854-855 

= Whistle(s), sound signal__-.._.-.-.------ 105 

Ee Whistle buoy, described. .-.. 2-2-2... 99 
ES was, Edwara J.; sight reduction method 

OPS Reece cteca oe 595-599, 610 
Ww ipa illy, in southwest Pacific and 

3 Australia. .....--.-2.---.-.-------- $91 
es Wind(s), conditions for underwater log 

= calibration. ....---------- ae eee eee 1264 
















































































Wind (s)—Continued 
defined oc scnnccecccceesasscscclec 863 
duration of, effect on sea state... 12 
estimating at sea_...----- ee ee 1268-1271 
measurement of...--.-.--------.-- 848-849 
of polar regions..._-.--------»---- 682, 869 
and the sea......2-.-----ee-e ee 852 
true and apparent_.-...---.---.-.. 849-852 
Wind and Current Chart of the North ae 
lantic, of Maury...- --..-.0----- 17 
Wind current(s), defined -- 778 
in oceans...-.---_- 778-779 


Wind rose, Portolan.......--.- 
Wind shift(s) effect on sea state. 127° 
Wind-shift line, defined... ..... 873 


Wind speed, effect on sea state. . 


Wind vane...-.-.- 848 
Winter (season) .-...-- 359 
Winter solstice, defined. .....-.-.-...-- 359 


World Atlas of Sea Surface Temperatures 

(Pub: No, 223). ocsceveees ccoesccan 

World Geodetic System, discussed_._ ig0r-1409 

pune Geographic Referencing System 
C0rel) aos c2Se soca ee tew ss 







World map(s), of Middle Ages. - - 6-7 
World Port Index (Pub. No. 150) -- 327 
World Wide Synoptic Broadcasts. 886-887 


Worldwide Marine Weather Broadcasts... 900 
Worldwide radionavigation aids, in polar 

regions...----------- se-n--------- 686 
We aide ide radionavigation system, defined.. 968 






Wreck buoy (s), in buoyage system.....- 103 
“Wrinkles” in Practical Navigation, of 
LOCK s2sS bot ose ese scecbcoeeuces 20 
Year, astror.omical significance of....--- 364 
defined .--.-<i---2+-csee eee nce -- 466 
length of 358 
Sonemink o si a reduction taples of-- 568 
Young ice, des escribe Gitecerdetascee tic 808-810 
Yustchenko, A.; pecans table of..-..-- 614 
Zenith, body in, latitude by...-.-...--- 707 
defined. eet eee esi L. cera 372 
Zenith distance, defined.....-.-. .---.-5 379 
Zenithal projection, bearings on-......-- 78 
defined....3202.0205 002 eee coca sense 65 
soa ta Louis J.; sight reduction device ; 
Zhdanko, M.; azimuth tablés of.....-.-- 614 
Zodiac, described....-..-..------.-2- 362-364 
Zodiacal sight, defined.......-.-.---- 352-353 
Zone, of Decca system...-2-. -- eee en eee i011 
Zone description, defined_....--.----- 475-476 
Zone meridian..-.-.---.-----------+ 470-471 
defined 2. coset ses sere cceew setees 475-476 
Zone time, reference for.. ...-.-..-.--- 365 
time meridian for.....-..-. 470-471, ace 
USC Of aoe ese cew cee ae cecne eee aed 5-479 










































